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Local Buckling of Steel Multi-Sided Tube Sections 
Zannatul Mawa Dalia 
Multi-sided steel tubular sections are commonly used in many structures such as road side light 
posts, road signposts, transmission and telecommunication towers, etc. These sections are 
generally subjected to axial compression, pure bending, combined bending and compression, or 
torsion.  From the design point of view, it is very important to make sure that these thin-walled 
sections do not buckle locally before reaching their capacity. Current AASHTO 2015 standard 
for Structural Supports for Highway Signs, Luminaires, and Traffic Signals provides width-
thickness limits to check for local buckling of Octagonal (8-sides), Dodecagonal (12-sides) and 
Hexadecagonal (16-sides) steel tube sections when they are subjected to axial compression and 
bending. The new Canadian steel standard, CAN/CSA S16-19 has recently adopted the same 
slenderness limit for compact multi-sided tube sections as suggested in AASHTO. While 
AASHTO recommends the same width-thickness limit for all the three multi-sided sections when 
they are compact, the requirements for non-compact sections are different for different sections. 
ASCE/SEI 48-11 provides limits for the non-compact sections, which are very close to the non-
compact limits of AASHTO. Although many structures now use these multi-sided sections, no 
study has been conducted to evaluate AASHTO slenderness limits of these thin-walled sections. 
In addition, no study is currently available on local buckling of multi-sided sections subjected to 
bending and axial compression. Thus, a detailed study is required to investigate the local 
buckling behavior of multi-sided steel tube sections and evaluate these limits.  This thesis 
presents a finite element (FE) analysis based study of local buckling of multi-sided steel tubular 
iv 
 
sections. A nonlinear finite element model is developed for this study and validated against 
experimental results from stub column tests of 8, 12, and 16-sided cross-sections. The FE model 
is further validated against experimental test results of 16-sided cross-sections subjected to pure 
bending. The validated FE model is then used to analyze a series of multi-sided steel tubular 
sections subjected to axial compression, pure bending, combined bending and compression, and 
pure torsion. Three different geometry, namely, eight, twelve, and sixteen-sided polygonal 
sections are considered. FE analyses show that AASHTO provided compact limit for members 
under flexure might need to be revised. However, AASHTO provided non-compact limits are 
quite relaxed for the sections subjected to pure bending. Based on FE results, revised compact 
and non-compact limits have been proposed for Octagonal, Dodecagonal, and Hexadecagonal 
sections subjected to flexure. Moreover, FE analyses indicate that the non-compact limit of the 
Hexadecagonal section can also be used for the other two sections under axial compression.  
Furthermore, FE results are used to evaluate capacity equations provided in different standards 
(i.e., AASHTO, ASCE/SEI 48-11, Eurocode 3, and EN 50341-1) for multi-sided tubes subjected 
to different loading conditions. FE analyses show that while AASHTO provides a pretty good 
prediction for the Octagonal and Dodecagonal sections under combined bending and 
compression, it overestimates the capacities of several selected Hexadecagonal sections. It is also 
observed that torsional capacities for the Octagonal and Dodecagonal sections are predicted well 
for the compact sections in AASHTO and ASCE/SEI 48-11 and for a large number of selected 
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Chapter 1 Introduction 
1.1 General 
Multi-sided tube sections are hollow sections having a polygonal cross-section. These thin-
walled sections are used in many structures like overhead road signpost, light post, traffic signal, 
transmission pole, etc. Multi-sided poles are used to avoid land usage and to attain an 
unobtrusive appearance. They have become a popular form of construction due to having the 







Figure 1.1: Use of multi-sided steel tubular sections as (a) Transmission Pole 
(https://www.novapole.com/product-details-86-dead-end-transmission-pole), (b) Light Post 
(https://www.ecvv.com/product/1000088796.html), and (c) Signpost 
(https://www.novapole.com/product-details-82-ferry-toll-booth-double-arm-sign-bridge) 
Multi-sided tube sections may have a different number of sides. However, Octagonal (8-sides), 
Dodecagonal (12-sides), and Hexadecagonal (16-sides) steel tube sections are commonly used. 
Following Figure 1.2 shows the cross-section of Octagonal, Dodecagonal, and Hexadecagonal 
steel tube sections. 
   
Figure 1.2: Cross-section of (a) Octagonal, (b) Dodecagonal and (c) Hexadecagonal steel tube 
section 




Structures like overhead road signpost, light post, traffic signal post, transmission pole, etc. are 
generally subjected to axial compression, pure bending, combined bending and compression, or 
torsion. These thin-walled sections tend to buckle locally if proper width-thickness ratios are not 
maintained. Local buckling of multi-sided tube section must be prevented so that the member 
can reach its capacity. This will ensure the adequate service life of the structure. 
There have been some studies on the local buckling behavior of multi-sided steel tube sections 
under various loading conditions. Wittrick and Curzon (1968) developed a “Stability Function” 
based theoretical method to establish criteria for local buckling analyses of polygonal tubular 
sections subjected to combined compression and torsion and reported the critical combination of 
compression and torsion for three and four-sided polygonal tube sections. Aoki et al. (1991) 
experimentally investigated the local buckling behavior of polygonal steel sections of four to 
eight sides under compression. Teng et al. (1999) studied the elastic local buckling behavior of 
columns having polygonal cross-sections (4- to 8- sided) under uniform axial compression or 
bending by using the finite strip method and reported plate buckling coefficients (k-values) for 
different slenderness ratios. Godat et al. (2012) conducted an experimental study to investigate 
elastoplastic local buckling behavior of thin-walled tubes having polygonal cross-sections (i.e., 
8-, 12-, and 16-sided) under concentric compression. Critical local buckling stress has been 
observed for different plate width-thickness ratios. Bräutigam et al. (2017) experimentally and 
numerically investigated the bending behavior of sixteen (16) sided polygonal tubular steel 
sections under pure bending and combined bending and torsion. Their study indicated that 
bending moment capacity for the compact section could be more than the yield moment capacity.  
Current AASHTO (AASHTO 2015) has provided width-thickness limits for eight, twelve, and 
sixteen-sided polygonal steel sections. In AASHTO, the width-thickness requirements for 
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compact sections for all three multi-sided sections subjected to bending are considered the same 
as that for flanges of rectangular HSS sections, which is     √
 
  
. The new Canadian steel 
standard, CAN/CSA S16-19 has also adopted the same slenderness limit for compact multi-sided 
tube sections as suggested in AASHTO. While AASHTO recommends the same width-thickness 
limit for all the three multi-sided sections when they are compact, the requirements for non-
compact sections subjected to flexure are different for different sections, a recommendation not 
yet supported by any research. ASCE/SEI-48-11 provides design equations for local buckling 
capacities of eight, twelve, and sixteen-sided polygonal steel sections of the transmission line. 
Eurocode 3 (EN 1-1, 2005, EN 1-3, 2006, EN 1-5, 2006) has design equation for plate elements. 
A multi-sided steel tubular section can be considered as a collection of individual longitudinal 
plate strips to find the resistance using Eurocode 3.  
1.2 Motivation of this research 
The new Canadian steel standard, CAN/CSA S16-19 has adopted the same slenderness limit for 
compact multi-sided tube sections, as suggested in AASHTO (AASHTO 2015). Current 
AASHTO has recommended same compact limit for all three multi-sided sections (i.e. 8-, 12- 
and 16- sided) subjected to bending and considered same as that for flanges of rectangular HSS 
sections, which is     √
 
  
. However, the requirements for non-compact sections subjected to 
flexure are different for different sections. To the best of author‟s knowledge, no study has been 
conducted to evaluate the width-thickness limits in AAHSTO. Besides, current AASHTO does 
not provide any width-thickness limits for local buckling of multi-sided tube sections subjected 
to combined bending and compression. Multi-sided tube sections commonly subjected to 
combined bending and compression, it is extremely important to investigate whether the same 
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width-thickness limits as for bending can also be applied for combined bending and 
compression. Currently, no study is available for the behavior of multi-sided tube sections 
subjected to combined bending and compression and a very limited study is available on the 
behavior of sections under torsion. 
1.3 Research objectives 
The main objective of this research is to investigate the local buckling behavior of multi-sided 
steel tube sections under different loading conditions and to evaluate the slenderness limits 
provided in the existing standards. Towards this goal, the principal objectives of this research are 
as follows: 
 To investigate the local buckling behavior of multi-sided steel tube sections (i.e., eight 
(08), twelve (12), and sixteen (16) sided) subjected to axial compression, pure bending, 
combined bending and compression. 
 To evaluate the width-thickness limits provided by AASHTO for compact and non-
compact multi-sided tube sections. 
 If required, to propose width-thickness limits for compact and non-compact multi-sided 
tube sections for different loading conditions. 
 To evaluate the capacity equations provided in different standards (i.e., AASHTO, 
ASCE/SEI-48-11, Eurocode 3, and EN 50341-1) for multi-sided tubes subjected to 
different loading conditions (axial compression, pure bending, combined bending and 
compression, and pure torsion). 
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1.4 Outline of the research 
Chapter 1 presents a short background of multi-sided steel tube sections. The research need and 
research objectives are also briefly discussed in this chapter. 
Chapter 2 presents the literature review conducted for this research. A detailed review of 
previous studies on local buckling of multi-sided steel tube sections is done in this chapter. It 
also presents the summary of the design provisions of multi-sided steel tube sections in different 
standards.  
Chapter 3 presents the details of finite element modelling techniques. It also discusses the 
assumptions made in modelling. The selection of element type, mesh configuration, material 
properties, boundary conditions, and application of load have been discussed in detail. Moreover, 
it presents the validation of the finite element (FE) models against experimental test results 
available in the literature. 
Chapter 4 discusses the local buckling behavior of the multi-sided tube under axial compression 
and pure bending. Details of the geometry selected for the FE models are presented in this 
chapter. Finally, this chapter presents the FE results of models subjected to axial compression 
and pure bending, along with the comparison of results with existing standards. 
Chapter 5 presents the behavior of the multi-sided tube subjected to combined bending and 
compression and pure torsion. It consists of the FE results of models under combined bending 
and compression and pure torsion followed by the comparison of results with existing standards. 
Chapter 6 concludes the thesis with a summary and presents conclusions accumulated throughout 
the whole study, along with recommendations for future studies. 
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Chapter 6 is followed by appendices, which include geometric property tables, calculation of 
















Chapter 2 Literature Review 
2.1 Introduction 
The strength of steel members may be compromised by buckling. There are two main modes of 
buckling failure of steel members (i.e., local buckling and global buckling). Cross-sections of 
steel shapes can be made of number of thin plates. When the cross-section is subjected to large 
compression or shear, thin plates made up the cross-section may buckle before the member‟s full 
capacity is reached, if thin plates are too slender. This phenomenon of buckling is known as local 
buckling failure. On contrary, the member cross-section is not deformed in global buckling 
mode. The longitudinal axis of the member will be buckled or distorted in case of global 
buckling failure, whereas, longitudinal axis of the member will not be distorted in local buckling 
failure. Figure 2.1 shows the local and global buckling of structural steel shapes. 
 




(a) Global buckling failure 
Figure 2.1: (a) Local buckling 
(https://www.bgstructuralengineering.com/BGSCM13/BGSCM006/stl6.jpg) and (b) Global 
buckling (http://www.ssrcweb.org/tag/volume-4/) failure mode of steel 
This research only focuses on the local buckling behaviour of multi-sided steel tube sections. 
The literature review in this chapter consists of two main sections. A detailed review of previous 
studies on local buckling of multi-sided steel tube sections has been discussed in the next section 
2.2, while section 2.3 presents the summary of multi-sided steel tube section design provisions in 
different standards. Finally, a summary of the literature review and the need for the research has 
been presented in section 2.4. 
2.2 Review of studies on local buckling of multi-sided steel tube sections 
The following subsections briefly discuss the basic plate buckling problem and existing studies 




Elastic buckling of plates under uniaxial compression 
Bryan (1891) gave the solution to the most basic form of plate buckling problem, which is 
simply supported flat plate under uniaxial compression. The energy method was used to analyze 
the problem. It was assumed that the deflected surface of the buckled plate could be represented 
by a double Fourier series. However, Timoshenko used a different method to solve this plate 
buckling problem. He assumed that plate buckles in the form of several half sinusoidal waves in 
the direction of compression. The problem was discussed in some standard textbooks, such as 
Timoshenko and Gere (1961). The elastic plate buckling stress (σcr) is expressed as the following 
equation. 
      
     




              
(2.1) 
where, k is the plate buckling coefficient determined by theoretical critical-load analysis and is a 
function of plate geometry and boundary conditions; E, ν, b and t are the modulus of elasticity, 
poison‟s ratio, plate width, and plate thickness, respectively. For the simply supported plate, a k 
value of 4.0 can be used. Apart from simply supported plates, several studies have been 
undertaken to find values of k for different geometry, loading, and support conditions. 
Wittrick and Curzon (1968) 
The authors developed a “Stability Function” based theoretical method to generate criteria for 
the local buckling analysis of polygonal tubular sections subjected to combined compression and 
torsion. For polygonal sections with three and four numbers of sides, a critical combination of 
compression and torsion was found, and interaction diagrams were developed. Results were 
presented in terms of plate buckling coefficient k and H for compressive and shear stress, 





    





    
    
 
(2.3) 
where, σ, τ, b, t, D'' is uniform longitudinal compressive stress, shear stress, the width of the 
wall, wall thickness, and flexural rigidity, respectively. 
For both equilateral triangular tube and square (or rhombic) tube, critical values of k and H were 
presented for critical modes for combined compression and torsion. The following figure shows 




Figure 2.2: Interaction curves for (a) triangular and (b) square (or rhombic) tubes (Wittrick and 
Curzon, 1968) 
In the interaction diagram, ko and Ho indicate the maximum value of k and H for pure 
compression and pure torsional loading conditions, respectively. For triangular tube ko and Ho 
were found to be 4.7077 and 5.5341, respectively. Moreover, for the square (or rhombic) tubes, 
ko and Ho were 4.0 and 5.3395, respectively. In the case of pure compression, each wall of square 






The author conducted a compression test to observe the behavior of thin-walled tubes made with 
a number of flat plates. The number of sides of the specimen was chosen even numbers ranging 
from four (04) to forty (40). Tests were undertaken for thin-walled cylindrical tubular shapes 
also. For all the specimens, equal perimeter, cross-sectional area, and length were considered. 
Furthermore, three different thicknesses were considered for each polygonal profile. The author 
observed the change in maximum strength and failure mode with the change in the number of 
sides. It was reported that the capacity of tubular sections having a number of sides up to 
eighteen (18) could be found from the following theoretical formula, which is based on the 
elastic critical buckling stress and equivalent width concept. 
    
    
 
 








where, σcyl is collapse capacity of a cylinder having the same perimeter and thickness as multi-
sided section 
For the sections having eighteen (18) or more number of sides, capacity can be represented by 
the strength of the cylindrical tubular section having equal perimeter and thickness. Furthermore, 
it was reported that the failure mode of sections having twenty-two (22) or more sides resemble 
cylindrical failure mode. 
Avent and Robinson (1976) 
The authors investigated the elastic buckling behavior of folded plate columns having polygonal 
cross-sections. Elastic stability analysis of thin-walled polygonal columns was conducted by 
expanding nodal displacements into the Fourier series. Stability equations were used to develop 
buckling curves for polygonal sections having a different number of sides. These buckling curves 
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provided the buckling coefficient (k) for different aspect ratios. For short columns, buckling 
curves provided local plate buckling, whereas, buckling curve segments for long columns 
indicated Euler column buckling. Buckling curves were developed for axially loaded columns 
having a simply supported end condition. 
It was concluded that Euler column buckling and classical plate buckling formula performs well 
in many cases. However, polygonal sections having an odd number of sides showed higher local 
buckling capacity than the classical plate buckling formula. Polygonal sections having the 
number of sides increased to sixteen (16), behave more like ideal cylindrical hollow sections. 
Aoki et al. (1991) 
Aoki et al. investigated the local buckling behavior of polygonal steel columns experimentally. 
Short columns having five different polygonal cross-sections (i.e., four to eight sides) were used 
to sustain uniform compression under fixed end condition. Fabrication of the specimens was 
conducted by welding two half-sections made of folded steel plates. One Octagonal specimen 
was fabricated by welding eight flat plates to compare between welded and folded specimens. 
Each specimen had a nominal thickness of 4.5 mm, and one to four different width-thickness 
ratios of the component plate of each cross-sectional profile was used. A total of fifteen (15) 
numbers of specimens, each having a length of 1500 mm, were tested under compression. Two 
diaphragms were placed at the two ends of each specimen, and the distance between diaphragms 
was 1200 mm. From the tensile coupon test, average Yield Strength (Fy) and Young‟s Modulus 
(E) were found to be 289 N/mm
2
 and 215 KN/mm
2, 
respectively. Residual stress was measured 
prior to the compression test, and maximum compressive residual stress found to be varied from 
0.25Fy to 0.3Fy and 0.22Fy to 0.5Fy for rectangular section and all other sections respectively. 
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Furthermore, initial imperfection was measured, and the mean value was found to be 1.21 mm, 
which is 1/1000 of plate length. 
From the compression tests, longitudinal stress-strain curves were obtained and presented in the 
study. For all the specimens, local buckling at the component plate was observed. This paper 
proposed an empirical formula to find the local buckling capacity of polygonal steel section as 
follows- 
    
  











can be found using Equation 2.1 for k=4.0 
It has been concluded that, in the case of local buckling of component plates, polygonal short 
columns under compression perform better than box sections in terms of ultimate strength. 
Migita and Fukumoto (1997) 
In this paper, the authors conducted experimental and analytical methods to observe the 
elastoplastic local buckling behavior of thin-walled sections having a polygonal cross-section. 
The authors investigated the average buckling stress of polygonal sections for different aspect 
ratios, bent angle, width-thickness parameter, number of sides, and buckling modes. At first, 
local buckling behavior was investigated analytically by a computer program developed by 
Nishimura et al. (1990) for various bent angles and aspect ratios. Analytical models consisted of 
folded plate structures with two-component plates and regular polygonal shapes. Bent angles of 
folded plate structures varied from 10° to 180° Analytical models with polygonal shapes had 
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odd-sided sections having five and seven number of sides and even-sided sections having four to 
twenty-four (24) numbers of sides. A total of seventeen (17) specimen having five different 
polygonal cross-sections (i.e., rectangular, pentagonal, hexagonal, heptagonal, and octagonal 
shapes) were tested to failure under axial compression. 
From the analytical and experimental results, the authors concluded that average buckling stress 
was found to be minimal for aspect ratio between 0.5 and 0.7. For the folded plate structures, 
buckling stress was noticed to remain constant for bent angles between 60° to 170° and lower 
stresses for bent angle less than 60° as compared to sections having bent angles between 60° to 
170°. A discontinuity in average buckling stress was observed for the bent angle between 170° to 
180°. For the polygonal sections having the number of sides twenty-two (22) or less, it was 
found that local buckling strength can be express by one single equation. However, polygonal 
sections having more than 22 sides behave more like a cylindrical section. It was also found that 
polygonal sections having a different number of sides and same width-thickness parameter (R) 
has a small difference in buckling capacity.  
Based on the analytical and experimental results, the authors proposed two formulas to find the 
local buckling strength of polygonal sections as follows. The first and second equation represents 
the lower and mean strength curve, respectively. 
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Teng et al. (1999) 
This paper has studied the elastic local buckling behavior of columns having polygonal cross-
sections under uniform axial compression or bending by using the finite strip method. Five 
different polygonal cross-sections (i.e., Square, Pentagon, Hexagon, Heptagon, and Octagon), 
each having thirteen (13) different width-thickness ratios (minimum of 10 to a maximum of 252) 
were considered in the study. For each width-thickness ratio, the cross-sectional area was kept 
constant for all the five polygonal profiles. The authors used the finite strip method based 
program to find the local buckling capacity. In this study, elastic local buckling capacity is 
presented in terms of the dimensionless plate buckling coefficient (k).  
For each plate slenderness ratio (width-thickness ratio), the plate buckling coefficient (k) was 
found for columns under uniform axial compression. It was found that sections having an even 
number of sides (i.e., 4, 6, and 8 sides) have nearly the same local buckling capacity for 
slenderness ratio more than fifty (50). Odd sided sections (i.e., 5 and 7 sides) have a higher 
capacity as compared to even sided sections. For all the sections, it was found that the buckling 
stress coefficient starts to reduce when the slenderness ratio is decreased less than fifty (50). 
Figure 2.3 shows the local buckling modes of polygonal sections under axial compression. 
 
Figure 2.3: Local buckling modes of polygonal sections under axial compression (Teng et al. 
1999) 
The critical buckling capacity of polygonal sections under bending was found from the lowest 
value of capacity found by applying bending about the positive and negative x-axis and y-axis. It 
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was found that the pentagonal section reaches the highest bending capacity followed by 
heptagonal, square, hexagonal, and octagonal section. A comparison between local buckling 
capacity under axial compression and bending showed that all the sections under bending could 
reach around twenty-five (25) percent more resistance as compared to the sections under axial 
compression.  Figure 2.4 shows the local buckling modes of polygonal sections under bending. 
 
Figure 2.4: Local buckling modes of polygonal sections under bending (Teng et al. 1999) 
Godat et al. (2012) 
The authors undertook an experimental test to observe elasto-plastic local buckling behavior of 
thin-walled tubes having polygonal cross-sections. Thin-walled stub columns having three 
different polygonal profiles (i.e., Octagonal, Dodecagonal, and Hexadecagonal) were tested 
under concentric compression. For each polygonal profile, two width-thickness ratios were 
considered, and a total of six stub columns were tested. These ratios were chosen in such a range 
to eliminate global buckling and observe elasto-plastic local buckling behavior. For each 
specimen, two half-sections made of the folded plate were combined together by welding to get a 
polygonal tubular section. Each specimen had one diaphragm at each end to reduce the end 
effect. All the columns had a nominal height of 780mm. Moreover, the mechanical properties of 
steel and geometric imperfection were measured prior to the experiment and reported in the 
paper. For the entire specimens, the end condition was kept simply supported, and radial 
movement was restraint. 
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Compression test results were reported in the paper as the critical buckling load, critical buckling 
stress, and strain. From the stress-strain diagram, it was observed that all the polygonal sections 
except one Hexadecagonal section had identical ascending and descending pattern of the stress-
strain curve. Furthermore, the influence of the number of sides was investigated and reported to 
be insignificant when local buckling capacity is considered for constant plate width-thickness 
ratio. It was also found that critical local buckling stress has an inverse relation with the plate 
width-thickness ratio.  
For all the specimens, local buckling was found to be located close to the end of the column. The 
failure mode of octagonal shapes was such that neighboring plates buckle in the opposite 
direction (i.e., inward and outward direction), which resemble a typical pattern of local buckling 
in polygonal sections with even number of sides. However, both Hexadecagonal sections and 
one Dodecagonal section failed in such a mode, which is close to cylindrical buckling mode, 
indicating a higher number of faces buckle more like a cylindrical hollow section. 
The results of this paper were compared with some previous studies, ASCE/SEI 48-11 and 
Eurocode 3. A new design equation was established by modifying Loove‟s design equation 
(Loove, 1996) to determine the local buckling capacity of the thin-walled polygonal tubular 
column under concentric compression. Following equation shows the design equation proposed 
by the authors-  
 
       (   






Where N value was found by regression analysis and proposed to be taken as 2.0. The following 
Figure 2.5 shows the experimental results of twenty-two (22) polygonal tubular sections of this 
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paper, including test results from previous literature, design equation of ASCE/SEI 48-11 and 
Eurocode 3 along with the proposed design equation by the authors. 
 
Figure 2.5: Comparison of test results with existing literature (Godat et al. 2012)  
Gonçalves and Camotim (2013) 
The authors investigated the elastic buckling behavior of the tubular section having regular 
polygonal cross-section by focusing on local, cross-section extensional, distortional, and multi-
mode buckling under uniform compression. Generalized Beam Theory (GBT) has been deployed 
in a specialized form to exclusively use for Regular Convex Polygonal Sections (RCPS). To 
check the validity of GBT, Finite Strip Analysis was employed. At first, pure local buckling, 
cross-section extensional buckling and distortional buckling behavior were implemented 
independently. Then multi-mode buckling behavior was addressed for RCPS. 
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For pure local buckling, it was found that sections having an even number of sides would buckle 
in such a manner that adjacent sides will buckle in opposite directions (i.e., inward and outward). 
Furthermore, the minimum critical buckling stress of an even-sided section can be predicted by 
the familiar equation of critical elastic plate buckling using buckling coefficient, k=4. For the 
odd-sided sections (i.e., 3, 5, and 7 sided), k-values were reported to be falling with an increase 
in the number of sides and approach 4.0 for both GBT and Finite Strip Analysis. However, 
buckling modes were found to be dissimilar for the two methods due to the reason of not 
uniquely defined. 
Cross-section (in-plane) extensional buckling behavior was observed, and minimum buckling 
stress was reported in the paper for polygonal sections having a different number of sides. From 
the paper, it is observed that cross-section extensional buckling stress has an inverse relation 
with the number of sides. Moreover, this decrease in stress is very significant for sections having 
a number of sides up to ten (10). However, for sections having a number of sides fifteen or more 
shows a similar capacity. Distortional buckling stress was reported for the different number of 
sides for different mode pairs. 
Moreover, a comparison was made between pure local buckling, cross-section extensional 
buckling and distortional buckling. It was reported that distortional buckling stress is always 
lower than cross-section extensional buckling stress. The comparison showed that local buckling 
becomes governing as compared to distortional buckling when circumradius over thickness ratio 
(β) is increased, though the transformation value of β is high for an increasing number of sides. 
Finally, multi-mode buckling was analyzed. It was reported that GBT yields accurate results for 
two modes, namely distortional mode and associated shear mode. 
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Gonçalves and Camotim (2013) 
The authors investigated the buckling behavior of polygonal tubular sections subjected to 
bending or torsion by using Generalized Beam Theory (GBT). Finite Element Models were also 
developed to validate the results. Local buckling behavior of polygonal tubular sections 
subjected to bending was investigated by observing the effect of the bending axis angle. Figure 
2.6 and Figure 2.7 shows the variation of critical buckling coefficient (k) and bending moment 
(Mcr) with the bending axis angle (ϴ). 
 





Figure 2.7: Critical bending moment Vs. bending axis angle graph (Gonçalves and Camotim, 
2013) 
Figure 2.6 shows that k increases with an increase in ϴ; however, the effect of ϴ becomes 
negligible for sections having more number of sides. On the other hand, Figure 2.7 indicates a 
slight variation of bending moment with increasing ϴ. For the sections having a higher number 
of sides, non-null wall junction displacements were found.  
 
Figure 2.8: Buckling coefficient (k) Vs. circumradius over thickness ratio (β) graph for sections 




Figure 2.8 shows that k value increases with increasing β value and remains constant when mode 
change occurs (i.e., becomes plate-like mode). The increase in k value with increasing β value is 
insignificant for sections having a number of sides ten (10) or less. However, this change in k 
value is significant for sections having a number of sides more than ten (10). 
 
Figure 2.9: Buckling coefficient Vs. width to length ratio for sections subjected to torsion and 
having a number of sides n=4 (Gonçalves and Camotim, 2013) 
For the sections subjected to torsion, local buckling, distortional buckling, and local-distortional 
buckling modes were observed by the authors. Figure 2.9 shows that k-value for local buckling 
decreases with increasing member length until a horizontal plateau is reached. This study 
provides minimum k-values for local buckling for a different number of sides for width to 
member length ratio of 10. 
Reinke et al. (2014) 
The authors investigated the bending behavior of polygonal hollow sections to find the 
inconsistency in available design procedures for polygonal steel poles having a higher number of 
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sides and cylindrical steel poles. European design code EN 50341-1 provides bending moment 
capacity for different polygonal sections and cylindrical steel poles. Design curves provided in 
EN 50341-1 for the polygonal section are based on the Plate buckling plate strip concept. 
However, design curves for cylindrical sections are based on experimental results. Authors 
intended to find the transition point where polygonal sections with a higher number of sides 
behave like cylindrical sections. 
 
Figure 2.10: Normalized bending moment capacity Mcr/My for polygonal and cylindrical sections 
according to EN 50341-1 (Reinke et al. 2014) 
Experimental tests were conducted to observe the bending behavior of full-scale specimens with 
a polygonal cross-section (i.e., 6, 12, and 24 sided) and cylindrical sections. The entire specimen 
had an identical length and slenderness ratio (D/t). Experimental results indicated higher bending 
capacity is associated with a higher number of sides. Moreover, Finite Element Models were 
developed to investigate the bending capacity of polygonal sections having an arbitrary number 
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of sides. A substitute imperfection approach based on the data found from the experiment was 
assigned to get a realistic imperfection. 
 
Figure 2.11: Normalized bending moment capacity Mcr/My Vs. slenderness D/t for steel poles 
with the polygonal and cylindrical section (Reinke et al. 2014) 
Results indicated that polygonal sections having the number of sides sixteen (16) or more behave 
like cylindrical sections (i.e., shell buckling behavior). Finally, it was concluded that current 
design regulations for polygonal steel poles do not fully reflect the actual influence of geometric 
imperfection and shell-like behavior. 
Bräutigam et al. (2017) 
Authors investigated the bending behavior of sixteen (16) sided polygonal tubular steel sections 
to properly identify the ultimate bending capacity of polygonal tubular sections and to reflect the 
proper transition between plastic bending moment capacities and limit state of buckling. This 
paper summarized different design rules for bending capacity from different codes. European 
design rules EN 50341-1 for electrical lines only considers the elastic bending moment capacity, 
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whereas Eurocode 3 considers the plastic bending moment. However, there is a sudden drop of 
resistance when the class of the section is changed from 2 to 3. Another European standard EN 
40-3-3, for octagonal or circular lighting columns, is based on the plastic moment. 
Authors tested nine (09) specimens of sixteen-sided tubular sections having two different classes 
(i.e., Class 1 and Class 4) under pure bending and combined bending and torsion. For all the 
specimens, an identical span of 8 meters was used. Numerical analysis was conducted using 
ANSYS. To incorporate imperfection in the model Substitute imperfection approach was used. 
Experimental and numerical results, along with different codes were plotted in the same graph to 
make comparisons. The following figure shows the graphical comparison by plotting normalized 
bending capacity (Mcr/ My) against slenderness ratio w/t. In the figure, experimental specimens 
under pure bending are denoted by V1, V2, V5, and V6, whereas specimens under combined 
bending and torsion are denoted by V3, V4, V7, V8, and V9.  
 
Figure 2.12: Normalized bending moment capacity Mcr/My Vs. slenderness ratio w/t/ɛ 
(Bräutigam et al. 2017) 
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Results suggest that the sudden step in the resistance curve is overestimating the bending 
capacity in EC3. Furthermore, experimental and numerical results indicate that bending moment 
capacity can be more than the elastic bending moment capacity for the compact sections. 
However, it might not be appropriate to use full plastic moment capacity. 
Martins et al. (2018) 
The authors investigated the post-buckling behavior of regular convex polygonal cross-sections 
(RCPS) columns in local and distortional buckling modes. Specialized Generalized Beam Theory 
(GBT) has been employed to extract the post-buckling behavior of columns. For comparison 
purposes, ABAQUS finite element models were developed.  
Whether the governing post-buckling behavior will be local or distortional depends on the 
geometric parameters (i.e., Circumradius over Thickness Ratio, β, and Number of Sides, n). For 
a specific n value, columns having high β value would buckle in local buckling mode, whereas 
the low value of β value will result in distortional buckling mode. 
Different combination of local to distortional buckling load ratio was considered to observe its 
effect post-buckling behavior. Moreover, several amplitudes of initial geometric imperfection 
were taken into consideration to reveal their influence on the results. For local buckling modes, it 
was found that distinct initial geometrical amplitudes only influence the initial post-buckling 
stages, and equilibrium paths merge as the applied load increases. Results showed that RCPS 
columns pure local post-buckling behavior is immensely stable. However, RCPS column pure 
distortional post-buckling behavior indicates somewhat instability. Furthermore, the RCPS 
column show complex post-buckling behavior after the peak load has been reached. Moreover, 
RCPS column local-distortional post-buckling behavior was also found slightly unstable.  
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2.3 Design provisions of different standards 
Current AASHTO (AASHTO 2015) has provided width-thickness limits for eight, twelve, and 
sixteen-sided polygonal steel sections. While AASHTO recommends the same width-thickness 
limit for all the three sections when they are compact, the requirements are different for non-
compact sections. Moreover, AASHTO defined the capacities of multi-sided tubular sections 
subjected to compression, tension, bending, shear, and combined forces. ASCE/SEI-48-11 
provides design equations for local buckling capacity of eight, twelve, and sixteen-sided 
polygonal steel sections of the transmission line. Eurocode 3 (EN 1-1, 2005, EN 1-3, 2006, EN 
1-5, 2006) has design equation for plate elements. In this study, multi-sided steel tubular section 
has been considered as a collection of individual longitudinal plate strips to find the resistance 
using Eurocode 3. The design concept of Eurocode 3 is adopted by the European design rules for 
overhead power lines (EN 50341-1, 2012); however, overlooking plastic reserves. All the 
polygonal tubular steel sections have been classified as either class 3 or class 4 sections. 
2.3.1 AASHTO 2015 
“AASHTO-LRFD Specifications for Structural Supports for Highway Signs, Luminaires, and 
Traffic Signals” has provided design guidelines for multi-sided steel tubular sections (AASHTO 
2015). AASHTO has specified width-thickness ratio limits for Octagonal, Dodecagonal, and 
Hexadecagonal sections. The minimum values of different geometric parameters are also 
mentioned in AASHTO. Moreover, AASHTO defined the capacities of multi-sided tubular 
sections subjected to compression, tension, bending, shear, and combined forces. 
2.3.1.1 Width-thickness ratios for multi-sided tubular sections 
AASHTO has provided width-thickness ratio limits for the Compact section, Non-compact 
sections, and maximum limit. If the width-thickness ratios of any compression element section 
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exceed the non-compact limiting value, λr, the section is classified as a slender element section. 
Table 2.1 shows the width-thickness ratio limits proved by AASHTO. It is also mentioned that 
flexural members may be subjected to local buckling if the width-thickness ratio is more than the 
compact limit (λp). However, compression members may face local buckling if the width-
thickness ratio exceeds the non-compact limit (λr). 
Table 2.1: Width-thickness ratios for multi-sided tubular sections (AASHTO 2015) 
Shape Ratio λp λr λmax 
Octagonal (8 sided) b/t 
    √   ⁄      √
 
  ⁄      √
 
  ⁄  
Dodecagonal (12 Sided) b/t 
    √   ⁄      √
 
  ⁄      √
 
  ⁄  
Hexadecagonal (16 Sided) b/t 
    √   ⁄      √
 
  ⁄      √
 
  ⁄  
2.3.1.2 Element width of the multi-sided tubular section 
AASHTO has provided equation to determine the element width (b) of multi-sided tubular 
sections. The element width of multi-sided tubular sections can be found using the following 
equation. 
 
     (
   
 
)               (      )  
(2.10) 
Where, 
b= Element width of multi-sided tube 
t= wall thickness of the multi-sided tube 
D'= Outside distance from flat side to flat side of multi-sided tubes 
n= number of sides of multi-sided tubes 
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rb= inside bend radius of a plate  
and (
   
 
) is in degrees 
2.3.1.3 General dimensions 
According to AASHTO, the minimum thickness of material for main supporting members of 
steel truss-type supports should be 4.55 mm. Moreover, the minimum thickness of material for 
all members of pole-type supports and truss-type luminaire arms shall be 3.175mm. 
The minimum number of sides (n) of multi-sided tubular sections should be as shown in Table 
2.2. Furthermore, it should have a minimum internal bend radius (rb) of five times tube wall 
thickness or 25.4 mm, whichever is larger. 
Table 2.2: Minimum number of sides of multi-sided tubes (AASHTO 2015) 
Outside Distance from Flat Side to 
Flat Side of Multisided Tubes (D') 
(mm) 
Minimum Number of Sides (n) 
D'≤ 330 8 sides 
330 < D' ≤ 711 12 sides 
711< D' ≤ 1270 16 sides 
2.3.1.4 Nominal bending strength for multi-sided tubular members 
According to AASHTO, multi-sided tubular sections having compact, non-compact, and slender 
elements should have nominal bending moment capacity, as shown in Table 2.3. However, the 
nominal bending strength for multi-sided tubes shall not exceed the nominal bending strength for 





Table 2.3: Nominal bending strength for multi-sided tubular members (AASHTO 2015) 
Shape Compact Non-Compact Slender 
λ≤ λp λp <λ≤ λr λ>λr 
Octagonal       
                 
    (
 
 )
√    
             
    (
 
 )
√    
  
Dodecagonal       
                  
    (
 
 )
√    
             
    (
 
 )
√    
  
Hexadecagonal       
                  
    (
 
 )
√    
             
    (
 
 )
√    
  
2.3.1.5 Nominal compressive strength for the multi-sided tubular member 
According to AASHTO, nominal compressive strength (Pnc) of a multi-sided tubular column 
shall be calculated using Equation 2.11 to 2.15 (AASHTO 2015).  






   
 , here, K and r indicates effective length factor and radius of gyration 
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Where, 
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(2.14) 
If λ≤ λr, Q=1 














]    
(2.15) 
where, f = Fcr using Q=1 
2.3.1.6 Nominal torsion strength for the multi-sided tubular member 
According to AASHTO, nominal torsional strength (Tn) shall be computed using the following 
equations. 
           (2.16) 
where, 
Tn = nominal torsion strength, and 
Ct = the torsional constant 
The nominal torsional stress capacity for multi-sided tubular shapes shall be: 
            (2.17) 
Torsional Constant Ct shall be computed by using Table 2.4. 
Table 2.4: Torsional constant for stress computation (AASHTO 2015) 
 Octagonal Dodecagonal Hexadecagonal 
Torsional Constant 
(Ct) for stress 
computation 
        
  
 
        
  
 
        
  
 










    
 
 (  
    
  )
  (
    
  )
]  
   
  
   
(2.18) 
where (consistent units): 
kt = stress concentration factor 
t = wall thickness 
R' = radius measured to the mid-thickness of the wall 
n′ = ratio of the inside-corner radius to wall thickness 
2.3.1.7 Multi-sided tubular member under combined forces 
If the multi-sided tubular member is subjected to combined bending, axial compression or 
tension, shear, and torsion, it should be such proportioned that the following criterion is met. 
   
  
 








)      
(2.19) 
where, 
Pu= factored axial load 
Pr= minimum nominal compressive strength or tensile strength 
B= moment magnification factor 
Mu= factored bending moment 
Mr= factored flexural resistance 
Vu= factored shear 
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Vr= factored shear resistance 
Tu= factored torque 
Tr= factored torsional resistance 




     





   
  





     
   
   
 
   
  
     
(2.21) 
When the member is in compression, moment magnification factor (B) for the prismatic member 









where,    






When the member is in tension, B=1. 
2.3.2 ASCE/SEI-48-11 
ASCE/SEI-48-11 has provided design equations for the local buckling capacity of multi-sided 
steel tubular columns. ASCE/SEI-48-11 relies on the effective stress concept supported by the 
total cross-section. It has provided different equations depending on the number of sides of 
multi-sided tubes and width-thickness ratio. ASCE/SEI-48-11 has similar definition of element 
35 
 
width (b) as AASHTO. It provides design provisions for multi-sided tubes subjected to 
compression, tension, bending, shear, and combined forces. 
2.3.2.1 Multi-sided tubes under axial compression 
Table 2.5 shows the design equations for the local buckling capacity of multi-sided tubes under 
axial compression. In Table 2.5, Fcr indicates compressive stress permitted and =6.9 and  = 
2.62 for Fy and Fcr in MPa. 
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2.3.2.2 Multi-sided tubes under bending 
According to ASCE/SEI-48-11, the stress resulting from bending shall not exceed either of the 
following 
    
 
    
(2.23) 
Or 
    
 
     
(2.24) 
where  
Mn= nominal bending moment 
c = distance from neutral axis to extreme fiber 
I = moment of inertia 
Ft = tensile stress permitted and 
Fcr = compressive stress permitted 
The tensile stress permitted (Ft) can be found from either of the following, whichever is smaller: 
                  (2.25) 
2.3.2.3 Multi-sided tubes under shear 
According to ASCE/SEI-48-11, the shear stress resulting from applied shear forces, torsional 
shear, or a combination of the two shall satisfy the following equation: 
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(2.26) 
            (2.27) 
where, 
Vu = factored shear 
Q' = moment of section about neutral axis 
I = moment of inertia 
b = 2 times wall thickness (t) 
Tu = factored torque 
c = distance from neutral axis to point where stress is checked and 
J = torsional constant of cross-section 
Fv = shear stress permitted; and 
Fy = specified minimum yield stress 
Table 2.6: Maximum value of  
 
 
 according to ASCE/SEI-48-11 
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In Table 2.6, D indicates mid-surface distance from flat side to flat side of multi-sided tubes, and 
t indicates tube wall thickness. 
38 
 
2.3.2.4 Multi-sided tubes under combined forces 
According to ASCE/SEI-48-11, the stress resulting from the combined stress at any point on the 






    
  
 





    
  
 





   
           
(2.28) 
where,  
Fcr = compressive stress permitted  
Ft = tensile stress permitted  
Pu= factored axial load 
A = cross-sectional area 
Mx = bending moment about X–X axis 
My' = bending moment about Y–Y axis 
Ix = moment of inertia about X–X axis 
Iy = moment of inertia about Y–Y axis 
cx = distance from Y–Y axis to point where stress is checked 
cy = distance from X–X axis to point where stress is checked 
Vu = factored shear 
Q' = moment of section about neutral axis 
39 
 
I = moment of inertia 
Tu = factored torque 
J = torsional constant of cross-section 
c = distance from neutral axis to point where stress is checked and 
t = wall thickness 
2.3.3 Eurocode 3 
Eurocode 3 (EN 1-1, 2005, EN 1-3, 2006, EN 1-5, 2006) has design equation for plate elements. 
Multisided steel tubular section has been considered as a collection of individual longitudinal 
plate strips to find the resistance using Eurocode 3.  
2.3.3.1 Multi-sided tubes under compression 
The design equation of Eurocode 3 is based on the effective area concept. According to 
Eurocode 3, the critical compressive stress (Fcr) can be found from Equation 2.29 to 2.32.  
             (2.29) 
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(2.32) 
σcr= elastic critical plate buckling stress from Equation 2.1 
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2.3.3.2 Multi-sided tubes under bending 
According to Eurocode 3, Class 1 and Class 2 sections can develop plastic moment. Class 3 
section can reach yield stress at the extreme fiber and able to develop elastic moments. However, 
the class 4 section locally buckles before yielding and could reach bending capacity lower than 
the elastic moment. 
The design resistance for bending about one principal axis of a cross-section is determined as 
follows- 
For class 1 and class 2            (2.33) 
For class 3            (2.34) 
For class 4                 (2.35) 
where, 
Z= plastic section modulus 
S=elastic section modulus 
Seff = effective section modulus 
and 
    
 
   
The following table shows the classification of plates according to Eurocode 3. In the table, ɛ is 
√
   
  
 
Table 2.7: Classification of plates according to Eurocode 3 
        Class 1 
        Class 2 
        Class 3 
        Class 4 
41 
 
2.3.3.3 Multi-sided tubes under combined forces 
According to Eurocode 3, class 1, class 2, class 3, and class 4 sections under combined axial 
compression and bending should satisfy the following criteria. 





    
(2.36) 





    
(2.37) 
For class 4   
    
 
        
    
    
(2.38) 
where, 
Pu= factored axial compression on member 
Mu= factored bending moment on member 
AEFF= effective cross-sectional area 
ep= for non-symmetrical cross-sections the shift of relevant centroidal axis when the cross-
section is subjected to compression only 
2.3.4 EN 50341-1 
The design concept of Eurocode 3 is adopted by the European design rules for overhead power 
lines (EN 50341-1, 2012); however, overlooking plastic reserves. All the polygonal tubular steel 
sections have been classified either class 3 or class 4 sections depending on the criteria provided 
in the following Table 2.8. This table is applicable for polygonal sections having a number of 
sides six to eighteen (6 to 18). In the table, b' denotes the width of mid-surface of polygonal 
section and ɛ is √






Figure 2.13: Mid-surface width of the polygonal section according to EN 50341-1 
Table 2.8: Classification of tubular cross-sections in bending (EN 50341-1, 2012) 
         Class 3 
         Class 4 
For the multi-sided tube under axial compression, the same design procedure has been followed 
by EN 50341-1. Moreover, for sections under bending and combined forces, the design method 
of class 3 and class 4 sections of Eurocode 3 has been followed. 
2.4 Summary 
Although there have been some research on local buckling behavior of multi-sided tubes under 
axial compression, research on the behavior of multi-sided tubes subjected to bending or torsion 
is very limited. Moreover, to the best of the author‟s knowledge, currently, there is no such study 
dealing with the local buckling behavior of multi-sided tube under combined bending and 
compression. Furthermore, to date, most of the research done on multi-sided tube sections are 
experimental in nature or based on analytical formulations based on simplified assumptions. 
Both experimental and analytical investigations have limitations, and a detailed FE model is 
required to investigate the behavior of multi-sided tube sections under different types of loading. 
To date, no comprehensive FE model that accurately simulates the local buckling behavior of 
multi-sided tube sections has been developed. 
In addition, AASHTO has suggested same compact limit for all three multi-sided sections (i.e., 
8-, 12- and 16- sided) subjected to bending and considered same as that for flanges of rectangular 
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HSS sections, which is     √
 
  
. No study has been performed to evaluate the width-thickness 
limits in AAHSTO. This study presents a FE model based investigation of local buckling 
behavior of multi-sided tube sections under various loading conditions (i.e., axial compression, 
pure bending, combined bending and compression). AASHTO provided width-thickness limits 
have been evaluated in the following chapters for different loadings. Moreover, other existing 












Chapter 3 Development of Finite Element Model 
3.1 Introduction 
The aim of this chapter is to present the details of the finite element model development in order 
to observe the local buckling behavior of multi-sided tube sections. With the help of computers 
and extensive software packages, local buckling failure of members can be analyzed 
numerically. These software are capable of simulating the actual behavior of structures. 
Researchers have been using finite element analysis (FEA) to predict the capacity of different 
steel structural members. ABAQUS is a general-purpose FEA software, which is used to analyze 
the structural behavior numerically. 
This chapter will describe finite element modelling techniques in detail. It also contains the 
assumptions made in modelling. Selection of element type, mesh configuration, material 
properties, boundary conditions, and application of load have been discussed in detail. Moreover, 
the inclusion of initial imperfection has been explained in this chapter. Finally, the finite element 
(FE) models are validated against experimental test results available in the literature. 
3.2 FE model description 
To simulate real structural behavior of multi-sided tubes, three-dimensional models have been 
developed in ABAQUS. Since multi-sided tube sections are fabricated with plate, shell element 
has been used to develop finite element (FE) model. Moreover, shell elements are more effective 
in applying imperfections. The effect of boundary conditions and loading were investigated to 
represent the real conditions. Moreover, the finite element model has been validated against 
experimental results available in the literature. Details of the FE models development are 
presented in the following subsections. 
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3.2.1 Elements and mesh configuration 
A nonlinear finite element model is developed using ABAQUS software. Both material and 
geometric nonlinearities have been incorporated in the model. Thin-walled members having 
three different polygonal cross-sections (i.e., Octagonal, Dodecagonal, and Hexadecagonal) have 
been modelled (Figure 3.1). 
In order to analyze the local buckling failure, shell elements have been chosen as the modelling 
building blocks as they come up with sufficient degrees of freedom to capture the real buckling 
deformation and can advance the plasticity effect. Due to the simplicity of the model, the 4-node 
shell element has been chosen in this study. There are three different 4-node shell elements 
available in the default element library of ABAQUS standard version of 6.14 (i.e., S4, S4R, and 
S4R5) (ABAQUS 2014). Among these three shell elements, S4R5 is a thin element that imposes 
the Kirchhoff constraint numerically. It is an isoparametric quadrilateral shell with four nodes, 
has five degrees of freedom per node, and uses a reduced integration method. S4 and S4R are 
general-purpose 4-node, finite membrane strains shell elements. In comparison to S4R5, both S4 
and S4R elements have six degrees of freedom per node: three translations )u,u,(u zyx and three 
rotations )θ,θ,(θ zyx  defined in a global coordinate system. As a result, these two elements are 
capable of producing more accurate results than S4R5.  S4R element uses the reduced integration 
method with hourglass control to form element stiffness and this reduces the running time in 




(a) Octagonal hollow section 
 






(c) Hexadecagonal hollow section 
Figure 3.1: Selected multi-sided tube sections 
Mesh density depends on the geometrical properties of the model. In order to achieve appropriate 
mesh size and to make run time manageable, mesh sensitivity analysis has been conducted. From 
the mesh sensitivity analysis, it was found that mesh size 30 works well for Octagonal and 
Dodecagonal sections. However, for Hexadecagonal shape, a mesh size of 20 has been used to 
get more accurate results. The following figures show the mesh configuration of Octagonal, 
Dodecagonal, and Hexadecagonal sections, respectively. 
 





(b) Dodecagonal section 
 
 
(c) Hexadecagonal section 
Figure 3.2: Mesh configuration of (a) Octagonal, (b) Dodecagonal, and (c) Hexadecagonal 
section 
3.2.2 Material properties 
The ABAQUS Classical Metal Plasticity rules have been incorporated in all models. According 
to this rule, the Mises yield surface is used to define isotropic yielding. In ABAQUS, both 
Isotropic hardening and Kinematic hardening is available. In this study, Isotropic hardening has 
been adopted for all the models. 
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Since structural steel exhibit strain hardening, strain hardening properties have been incorporated 
into the models. As there is a scarcity of readily available strain hardening data, bilinear 
elastoplastic stress versus strain curve has been used.  A strain-hardening of 2% of modulus of 
elasticity (E) of steel has been used since the post-yield slope approximately equal to 0.5% to 5% 
of elastic stiffness (Saatcioglu and Humar J, 2003). Modulus of elasticity (E) of 200 GPa, Yield 
stress (Fy) of 345 MPa, and poison‟s (ν) ratio of 0.3 have been considered for all the models. 
3.2.3 Boundary conditions  
Boundary conditions have been chosen to represent the critical condition. All the models 
excluding models subjected to torsion have simply supported end conditions. The models which 
are subjected to torsion have one end fixed and another end free. 
3.2.3.1 Boundary conditions of members subjected to axial compression, pure bending, and 
combined bending and compression 
Simply supported boundary condition that prevents in-plane and out-of-plane deflections and 
twists, but allows rotations about both X-axis and Y-axis and also allow warping displacements 
were used at the supported ends of the member. These boundary conditions were obtained using 
the following criteria: 
i. Right end was restrained against X, Y and Z-axis deflection (U1= U2= U3= 0) and 
rotation about Z-axis (UR3=0). Rotation about X and Y-axis was kept unrestrained. 
ii. Left end was restrained against X and Y-axis deflection (U1= U2= 0) and rotation about 




3.2.3.2 Boundary conditions of members subjected to torsion 
For members subjected to torsion, one end has been kept free and another end in a fixed 
condition. At the fixed end, deflection in X, Y, and Z-axis (U1= U2= U3= 0) and rotation about 
X, Y, and Z-axis (UR1=UR2=UR3=0) were restrained. At the free end, deflection in X and Y-
axis (U1=U2=0) was kept restrained, and all other deflection and rotation were kept unrestrained 
in all directions. 
3.2.4 Load application 
Finite element models were analyzed for four different loading conditions as follows- 
i. Axial compression 
ii. Pure bending 
iii. Combined bending and compression 
iv. Pure torsion 
Constraints have been created between all the edge nodes of the multi-sided tubes and a 
reference point located at the center of each end. Because of the constraints, any condition 
applied to the reference points, simultaneously applied to the edge nodes at each end. The same 
procedure has been followed for all three polygonal cross-sections (i.e., Octagonal, Dodecagonal, 
and Hexadecagonal section). The following figures show the reference point and constraints 




Figure 3.3: Reference point shown for Octagonal multi-sided tube section 
 




(b) Enlarged view of constraint between edge nodes and reference point 
Figure 3.4: Constraints between edge nodes and reference point of Octagonal tube section 
Axial load was applied at the left end of the member through a reference point, as shown in 
Figure 3.3. The load was applied in the negative Z-direction to create a compressive load to the 
hollow column.  
Furthermore, for the members under pure bending, a constant bending moment along the length 
of the member was applied about X-axis. The bending moment was applied at the two reference 
points at each end of the multi-sided tube. Additionally, to see the effect of the moment gradient, 
some of the models were subjected to a concentrated load in the middle of the span. The 
concentrated load was applied at the reference point created at mid-span. The direction of the 
concentrated load was along Y-axis. Besides, in order to investigate the effect of support 
condition on local buckling capacity of multi-sided tube sections, some of the simply supported 
multi-sided sections previously considered for the constant bending moment are reanalyzed 
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when they have cantilever support conditions. The cantilever multi-sided tube sections are 
subjected to a constant moment along the length of the members by applying a concentrated 
moment (about X-axis) at the free end of the members. 
Moreover, a constant bending moment about X-axis and axial force along the negative Z-axis 
was applied simultaneously to simulate combined loading conditions. For the members under 
torsion, a moment was applied at the free end about Z-axis. 
3.2.5 FE model Analysis type 
Both elastic buckling analysis and nonlinear static analysis have been performed to estimate the 
critical buckling load, flexural capacity, and torsional capacity of the multi-sided tube. First, an 
Eigenvalue analysis has been performed using the linear perturbation buckling analysis. From 
the Eigenvalue analysis, Eigenvalues of corresponding Eigenmodes have been extracted. In this 
study, three eigenvalues for each member are obtained. 
Finally, the Static RIKS method (ABAQUS 2014) has been used to conduct the nonlinear 
buckling analysis. RIKS method is suitable for predicting buckling, post-buckling, or collapse of 
certain types of structures. RIKS method is based on the Arc-length method and a form of 
Newton-Raphson iteration method. It uses an additional unknown, named load proportionality 
factor. RIKS method provides solutions for load and displacement simultaneously. From the 
nonlinear buckling analysis, the maximum Load Proportionality Factor (LPF) has been extracted 
to estimate the critical buckling load.  
3.2.6 Initial geometric imperfection 
Geometric imperfections are always present in steel shapes unintentionally. These imperfections 
result from fabrication, transportation, or mishandling of steel shapes. These initial geometric 
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imperfections can be located at any location. These random imperfections initiate buckling 
deformations. So, it is really important to include the imperfection into the FE models. 
In the FE model, geometric imperfections can be predicted by conducting Eigenvalue Analysis. 
Eigenvalue analysis provides the worst case of local and overall buckling modes. These modes 
are factored by imperfection test result magnitudes (Ellobody 2014).  
It is important to note that there is a scarcity of real imperfection data to readily incorporate into 
FE models. In this study, an imperfection value of 10% of the thickness of the specimen was 
used for all the models. Geometric imperfection was applied to trigger the buckling of the 
models. As lowest eigenvalue refers to the load which initiates the buckling of a structure, 
geometric imperfection has been applied to the buckling mode obtained from the lowest 
eigenvalue from eigenvalue analysis (Trahair 1993).  
3.3 Validation of finite element model 
FE model has been validated against two different experimental test results of Godat et al. (2012) 
and Bräutigam et al. (2017). The following subsections present the details of validation. 
3.3.1 Validation of FE model subjected to axial compression 
The developed finite element model is validated against the experiment conducted by Godat et 
al. (2012). In the experiment, six stub columns of three different cross-sections (i.e., Octagonal, 
Dodecagonal, and Hexadecagonal) were tested under concentric compression. For each cross-
sectional profile, two different plate width-thickness ratios were considered. Columns were 
simply supported with 780mm length. Geometric imperfection in the plate surface was measured 
and reported in the study. Table 3.1 shows the geometric and mechanical properties of the 
specimen tested by Godat et al. (2012). 
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OCT-1-A 8 1.897 95 279 200 1.4 26 
OCT-4-A 8 1.367 75 265 199 1.3 27 
DODE-1-A 12 1.367 76 273 206 1.3 24 
DODE-2-A 12 1.897 75 305 218 1.4 25 
HEXA-1-A 16 1.519 52 277 199 1.4 26 
HEXA-4-A 16 1.897 60 302 200 1.4 26 
To simulate the experimental results, all the geometric and mechanical properties of specimens 
have been kept the same in the FE model as the experiment. End conditions have been kept 
simply supported as the experiment. During the test, the compressive load was applied through a 
top plate, which was modelled with 10-node tetrahedral element C3D10 (ABAQUS 2014). 
C3D10 is a general-purpose tetrahedral element. The uniformly distributed load was applied at 
the top surface of the top plate. To transfer the load from the top plate to the multi-sided hollow 
column section, tie constraints were introduced between the top surface of the plate and the top 
nodes of the multi-sided section. Both linear and nonlinear buckling analysis was performed to 
estimate the critical buckling load.  Imperfections values that were measured during the test have 
been introduced as an amplitude of the first mode of buckling. Table 3.2 shows critical buckling 
loads found from FE models (PFEM) from nonlinear analysis and experiment (PExperiment) for the 
validated models. The table shows that the maximum difference between FE models and 
experiment results is around 7%. Figure 3.5 shows the deformed shape of an Octagonal section 
obtained from the FE analysis and experiment. Similar to the experiment, the local buckling was 










Load from FE 
Models, PFEM (KN)  





OCT-1-A 8 313.1 327 4.24 
OCT-4-A 8 186.6 198 5.75 
DODE-1-A 12 301.5 325 7.22 
DODE-2-A 12 482.1 515 6.38 
HEXA-1-A 16 319.4 317 0.75 




Figure 3.5: Deformed shape of Octagonal section from test and FE analysis 
3.3.2 Validation of FE models subjected to bending 
Bräutigam et al. (2017) have experimentally investigated local buckling behavior of polygonal 
sections having 16-sides under pure bending. Three-point bending test was conducted on two 
different classes of sections (i.e., class 1 and class 4) of Hexadecagonal section. The 
classification of the section is according to Eurocode 3. Each section had a span of 8.0 m. Each 
specimen had yield stress (Fy) of 355 MPa. The following table shows the geometric properties 
used in the experiment. 
(a) Deformed shape of Octagonal section 
obtained from FE analysis 
(b) Deformed shape of Octagonal section 
























Hexa-Bend-2 16 3 38 
FE models were validated against the experiment conducted by Bräutigam et al. (2017). 
Geometric properties were kept the same as the test. An initial imperfection of 10% of the 
thickness of the specimen has been used. To apply the bending moment, a concentrated load was 
applied at the mid-span of the specimen. Bräutigam et al. (2017) have provided the ratio of 
bending resistance to yield moment (MExperiment/My) for the test specimens. Yield moment (My) 
has been calculated for the specimens. To compare with the test results, FE results to yield 
Moment (MFEM/My) have been found. Table 3.4 shows the result obtained from FE models and 
experiments of Bräutigam et al. (2017). Moreover, the following figures show the typical 
deformed shape obtained from the FE model and the experiment. In the FE model, local buckling 
was observed near the mid-span, which is similar to the experimental deformed shape. 















Hexa-Bend-1 619.09 505.86 1.22 1.21 1.14 




(a) Deformed shape of Hexa-Bend-1 from FE analysis 
 
 
Figure 3.6: Deformed shape of Hexa-Bend-1 from FE analysis and experiment 
3.4 Summary 
Details of finite element modelling have been discussed in this chapter. A nonlinear finite 
element model has been developed in ABAQUS. Three different geometry, namely, eight, 
twelve, and sixteen-sided polygonal sections have been considered. The selection of element 
type, mesh configuration, material properties, boundary conditions, and application of load have 
(b) Enlarged view of deformed shape of 
Hexa-Bend-1 from FE analysis 
(c) Deformed shape of Hexa-Bend-1 from 
experiment of Bräutigam et. al. (2017) 
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been discussed in detail. This chapter also contains the details of the inclusion of initial 
geometric imperfection in the FE model. Both elastic buckling analysis and nonlinear static 
analysis have been performed to estimate the critical capacity of the multi-sided tube. The 
developed FE model has been validated against experimental results from stub column tests of 8, 
12, and 16-sided cross-sections. The FE model is further validated against experimental test 












Chapter 4 Behavior of Multi-sided Tubes under Axial Compression 
and Bending 
4.1 Introduction 
The validated finite element (FE) model has been used to conduct more analyses to observe the 
local buckling behavior of multi-sided tube under different loading conditions for various width-
thickness ratios (b/t). This chapter presents the local buckling behavior of the multi-sided tube 
under axial compression and pure bending in brief. Section 4.2 describes the geometric property 
selection criteria. Following sections 4.3 and 4.4 show the FE model results under axial 
compression and constant bending moment, respectively. Moreover, some of the models were 
reanalyzed under the moment gradient, which is presented in section 4.5. Furthermore, section 
4.6 shows the FE analysis of models under constant moment for different end conditions. For all 
the models, local buckling failure was observed. Details of geometric property and FE results are 
provided in Appendix A. 
4.2 Geometric property selection criteria 
For all the FE models, element width (b), wall thickness (t), and inside bend radius (rb) have been 
chosen according to AASHTO (AASHTO, 2015). 
As previously discussed in Chapter 2, AASHTO provided an equation to determine the element 
width (b) of multi-sided tubular sections. Furthermore, according to AASHTO, multi-sided tube 
sections should have a minimum inside bend radius (rb) of five times tube wall thickness (t) or 
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(4.1) 
where D' is the outside distance from the flat side to the flat side of multi-sided tubes, n is the 
number of sides of multi-sided tubes and (
   
 
) is in degrees.  
Figure 4.1 shows the cross-section of the Octagonal section and the geometric property definition 
used in this study. In Figure 4.1, w indicates the flat width and D indicates the mid-surface 
distance from flat side to flat side of multi-sided tubes. 
 
Figure 4.1: Typical cross-section of an Octagonal tube section 
Moreover, AASHTO has provided compact limit (λp), non-compact limit (λr), and maximum 
width-thickness ratio limit (λmax) for the multi-sided tubes having eight (08), twelve (12) and 
Sixteen (16) sides as shown in Table 2.1. For detailed FE analysis, b/t ratios were chosen in such 
a way that compact, non-compact, and slender sections meet the slenderness limits provided by 
AASHTO for a steel yield strength of 345 MPa. For each polygonal section, element width (b) 
was kept constant for all FE models, and the wall thickness (t) was varied. 
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4.2.1 Element width and inside bend radius of FE models 
For each polygonal cross-section, one specific element width (b) has been used for all the models 
under all the loading conditions. The following table shows the element width (b) and internal 
bend radius (rb) used for all the FE models. 
Table 4.1: Element width and inside bend radius of the FE models 
Specimen Number of 
Sides, n 
Element Width, b 
(mm) 
Inside Bend Radius, rb 
(mm) 
Octagonal 8 100 Five times tube wall 
thickness or 25.4 mm, 
whichever is larger 
Dodecagonal 12 95 
Hexadecagonal 16 140 
4.2.2 Length of FE models 
Length sensitivity analysis was conducted to get suitable lengths for each polygonal cross-
section under axial compression and pure bending. From the length sensitivity analysis, the 
following lengths were chosen for the FE models. Table 4.2 shows the length (L) for each 
polygonal section under axial compression and pure bending.  
Table 4.2: Length of FE models for different loading conditions 
Loading Conditions Length, L 
(mm) 
Octagonal Dodecagonal Hexadecagonal 
Axial Compression 1000 1200 2000 
Pure Bending 2000 2500 4000 
4.3 Multi-sided tubes subjected to axial compression 
Sixteen (16) models of each cross-section, a total of forty-eight (48) models have been analyzed 
under axial compression. The critical compressive resistance of FE models subjected to axial 
compression has been compared with yield stress (Fy) to verify the width-thickness limit (λr) 
provided by AASHTO. It is also compared with existing codes and studies. Following 
subsections 4.3.1, 4.3.2 and 4.3.3 present FE results of models under axial compression, 
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comparison of FE results with codes and previous studies, and comparison of FE results with the 
yield stress, respectively. 
4.3.1 FE Results of models under axial compression  
The following Figure 4.2 shows the typical deformed shape of Octagonal, Dodecagonal, and 
Hexadecagonal tube sections under axial compression. For all the models, local buckling failure 
was obtained. Furthermore, Figure 4.3 shows the critical buckling load obtained from FE models 
(PFEM) along with the width-thickness ratio (b/t) for each polygonal section. As expected, with an 
increase in slenderness ratio, local buckling capacities of multi-sided tube sections decrease. 
 




(b) Deformed shape of Dodecagonal section  
 
 
(c) Deformed shape of Hexadecagonal section 
Figure 4.2: Deformed shape of (a) Octagonal, (b) Dodecagonal, and (c) Hexadecagonal section 




Figure 4.3: Critical buckling load of multi-sided tube sections under axial compression 
4.3.2 Comparison of FE results with codes and previous studies 
FE results obtained from models under axial compression have been compared with AASHTO, 
ASCE/SEI 48-11, Eurocode 3, and studies from the literature.  
As discussed in Chapter 2, AASHTO has provided equations to calculate critical compressive 
stress (Fcr) of the multi-sided tubular column (AASHTO 2015). Equations 2.11 to 2.15 have been 
used to calculate critical compressive stress (Fcr) for each FE model. ASCE/SEI 48-11 has 
provided design equations for local buckling capacity of multi-sided steel tubular columns. In 
this study, equations provided in Table 2.5 have been used to find local buckling capacity of 
multi-sided tubes under axial compression according to ASCE/SEI 48-11. Moreover, Eurocode 3 
(EN 1-1, 2005, EN 1-3, 2006, EN 1-5, 2006) has design equations for plate elements. A multi-
sided steel tubular section has been considered as a collection of individual longitudinal plate 
strips to find the resistance using Eurocode 3. In this study, Equations 2.29 to 2.32 have been 
used to calculated compressive strength according to Eurocode 3. 
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Based on the analytical and experimental results, Migita and Fukumoto (1997) have proposed 
formulas to find the local buckling strength of polygonal sections, as shown in Equation 4.2. 
Moreover, Godat et al. (2012) have also proposed a design equation for the multi-sided tube 
subjected to axial compression (Equation 4.3). In Equation 4.3, N-value was proposed to be 
taken as 2.0. 
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The following Figure 4.4 shows the graphical comparison between FE results of models 
subjected to axial compression with existing codes and studies. In this figure, critical 
compressive stress (Fcr) has been normalized by yield stress (Fy). Here, Fcr/Fy has been plotted 
against Plate width-thickness parameter (R), which was calculated using Equation 2.6. 
 




Following observations can be made from comparison of compressive resistance of FE models 
with different codes and studies (Figure 4.4): 
i. FE analyses provide capacities either close to the three codes or higher than the codes for 
plate width-thickness parameter (R) value up to 0.66, indicating that codes‟ equations for 
compressive resistance are conservative in this range. 
ii. Beyond the R-value of 0.66, ASCE/SEI 48-11 provides three different curves for 8-, 12-, 
and 16-sided sections.  Both 12- and 16-sided curves are predicting pretty close results to 
FE results up to R-value of around 1.1. However, for octagonal sections, ASCE/SEI 48-
11 predictions are higher than that obtained from FE analyses in this range.  
iii. Both AASHTO and Eurocode 3 provide good predictions for the compressive resistance 
for multi-sided tube sections. Moreover, equation of Migita and Fukumoto (1997) is 
predicting pretty close results to AASHTO and Eurocode 3. 
iv. Design equation of Godat et. al. (2012) is conservative as compared to all other 
resistances. 
4.3.3 Comparison of FE results with yield stress 
FE results obtained from models under axial compression have been compared with yield stress 
(Fy). The ratio of compressive stress obtained from the FE model (FFEM) and yield stress (Fy) is 
plotted in the same graph along with the non-compact limit (λr) provided by AASHTO for 
different multi-sided tubes (Figure 4.5). Non-compact limit (λr) has been shown to verify if the 
non-compact sections are able to reach yield stress or not before buckling locally. This figure 
includes all the FE models of each polygonal cross-section (i.e. Octagonal, Decagonal and 




Figure 4.5: Comparison of compressive resistance from FE analysis with yield stress 
From Figure 4.5 it is observed that, some of the Octagonal and Dodecagonal sections having a 
width-thickness ratio (b/t) within the non-compact limit (λr) could not reach yield stress (Fy). 
Though AASHTO has provided three different non-compact limits (λr) for different cross-
sections, all sections having a width-thickness ratio (b/t) within the non-compact limit (λr) of 
Hexadecagonal section could reach capacities close to yield stress (Fy). This means using the 
non-compact limit (λr) of the Hexadecagonal section for all three sections under axial 
compression is safer. 
4.4 Multi-sided tubes subjected to constant moment 
Twenty-six (26) models of each cross-sectional profile, a total of seventy-eight (78) models, 
were subjected to constant moment along the lengths. These models include compact, non-
compact, and slender sections according to AASHTO. Moreover, ten (10) models of each cross-
section, a total of thirty (30) models were developed with a different width (b), 120mm, 115mm 
and 160mm for Octagonal, Dodecagonal and Hexadecagonal, respectively.  
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Following subsections 4.4.1, 4.4.2 and 4.4.3 presents FE results of models under constant 
moment, comparison of bending capacity with codes, and comparison of bending capacity with 
plastic moment and yield moment, respectively. 
4.4.1 FE Results of models under constant moment 
Deformed shape of each cross-section has been extracted from FE models. Figure 4.6 shows 
deformed shapes of Octagonal, Dodecagonal, and Hexadecagonal sections subjected to constant 
moment along the length. Furthermore, Figures 4.7 and 4.8 show the bending capacities (MFEM) 
obtained from nonlinear FE analyses. Here two separate diagrams have been used for two 
distinguished widths (b) of each polygonal cross-section. As shown in Figure 4.7 and 4.8, for all 
three multi-sided tube shapes, bending moment capacity decreases with an increase in width-
thickness ratio (b/t).  
 




(b) Deformed shape of Dodecagonal Section 
 
(c) Deformed shape of Hexadecagonal section 
Figure 4.6: Deformed shape of (a) Octagonal, (b) Dodecagonal, and (c) Hexadecagonal section 





Figure 4.7: Critical bending capacity of multi-sided tube sections under constant moment  
 
Figure 4.8: Critical bending capacity of multi-sided tube sections under constant moment with 
different width 
4.4.2 Comparison of bending capacity with codes 
Finite element analysis results obtained from models subjected to pure bending have been 
compared with the flexural strength predicted in AASHTO, ASCE/SEI 48-11, Eurocode 3, and 
EN 50341-1. As discussed in Chapter 2, AASHTO has provided nominal bending capacity 
equations for compact, non-compact and slender sections (Table 2.3). It is also mentioned in 
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AASHTO that the nominal bending capacity of the multi-sided tube section should not exceed 
the bending capacity of the round tube section with equivalent diameter. AASHTO has suggested 
plastic moment capacity for the compact sections under bending. ASCE/SEI 48-11 has suggested 
yield moment capacity for all the multi-sided tube sections. On the other hand, Eurocode 3 has 
suggested bending moment capacity based on the class of the section (i.e., class 1, class 2, class 
3, and class 4). For class 1 and class 2 multi-sided tube section, Eurocode 3 suggests plastic 
moment capacity. For the class 3 section, the yield moment capacity should be considered. For 
class 4 multi-sided tube sections, effective widths may be used to make the necessary allowances 
for reductions in resistance to include the effects of local buckling. On the other hand, EN 
50341-1 has considered all the multi-sided tube sections either class 3 or class 4. For the class 3 
section, yield moment capacity should be considered, and for class 4 cross-sections, effective 
widths may be used due to the effects of local buckling. For all the multi-sided tube sections 
subjected to constant moment, bending capacity has been calculated according to AASHTO, 
ASCE/SEI 48-11, Eurocode 3, and EN 50341-1. 
Figures 4.9 to 4.11 show the graphical comparison of bending moment capacities obtained from 
FE analyses with that obtained from four different codes for Octagonal, Dodecagonal, and 
Hexadecagonal sections, respectively. Moreover, in these figures, compact (λp) and non-compact 





Figure 4.9: Comparison of critical bending capacity of Octagonal sections with codes 
 
Figure 4.10: Comparison of critical bending capacity of Dodecagonal sections with codes 
 
Figure 4.11: Comparison of critical bending capacity of Hexadecagonal sections with codes 
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Following observations can be made from the comparison between bending resistance of FE 
models, and code suggested capacities (Figures 4.9 to 4.11): 
i. MFEM/MAASHTO ratios are more than 1.0 for the entire Octagonal sections. However, the 
ratio is less than 1.0 for a few Dodecagonal and a large number of Hexadecagonal 
compact sections, indicating that AASHTO overestimates the flexural strength for the 
compact Dodecagonal and Hexadecagonal section. 
ii. MFEM/MASCE ratio is more than 1.0 for all FE models. Since ASCE/SEI 48-11 suggests 
the use of elastic bending capacity for the design of all multi-sided tube sections, the ratio 
is pretty higher than 1.0 for the compact sections. 
iii. Since EN 50341-1 also suggests the elastic capacity for the design of compact and non-
compact multi-sided tube sections subjected to flexure, MFEM/MEN ratios are exactly the 
same as MFEM/MASCE ratios for the majority of the sections. However, for the rest of the 
sections, EN 50341-1 is suggesting class 4 section capacities. 
iv. MFEM/MEuro ratio is less than 1.0 for most of the sections as Eurocode 3 suggests full 
plastic moment capacity for class 1 and class 2 sections, which includes the entire 
compact and most of the non-compact sections (Compact and non-compact defined as 
AASHTO). However, near the non-compact limit (λr), there is a sudden increase in the 
ratio as Eurocode 3 suggests the elastic capacity for class 3 sections. 
4.4.3 Comparison of bending capacity with the plastic moment and yield moment 
For each model subjected to constant moment along the length, plastic moment (Mp) and yield 
moment (My) have been calculated. Details calculation of plastic moment (Mp) and yield 
moment (My) have been shown in Appendix B. 
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The following Figures 4.12 to 4.14 show the comparison of the bending capacity of the FE 
model (MFEM) with the plastic moment (Mp) for Octagonal, Dodecagonal, and Hexadecagonal, 
respectively. The compact limit (λp) of AASHTO has been shown in Figures 4.12 to 4.14. In 
these figures, two different widths (b) for each section were considered. 
 
Figure 4.12: Evaluation of compact slenderness limit of Octagonal section  
 




Figure 4.14: Evaluation of compact slenderness limit of Hexadecagonal section 
Following observations can be made from the comparison of bending resistance of FE models 
with plastic moment capacity (Mp) (Figures 4.12 to 4.14): 
i. AASHTO has the same compact limit (λp) of     √   ⁄  for Octagonal, Dodecagonal, 
and Hexadecagonal multi-sided tube sections. However, several compact sections 
(according to AASHTO) are not able to reach plastic moment capacity. The number of 
compact sections not reaching plastic moment is increasing with the increasing number of 
sides.  
ii. Thus, a revision may be required for the compact limit (λp) suggested by AASHTO for 
sections subjected to pure bending.  
iii. Figures also indicate the proposed width-thickness ratios (b/t) below which all the 
sections were able to reach their plastic moment capacities (Mp). The proposed compact 
limits (λp(Proposed)) are found as     √   ⁄  ,     √
 
  ⁄  and     √
 
  ⁄  for Octagonal, 
Dodecagonal, and Hexadecagonal sections, respectively.  
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Moreover, Figures 4.15, 4.16, and 4.17 present the comparisons of the bending capacities of the 
non-compact sections with the yield moments (My) for Octagonal, Dodecagonal, and 
Hexadecagonal sections, respectively. The compact (λp) and non-compact (λr) limits of 
AASHTO are also indicated in these figures.  Similar to compact sections, two different widths 
(b) were considered for all three multi-sided tube sections. 
 
Figure 4.15: Evaluation of non-compact slenderness limit of Octagonal section  
 




Figure 4.17: Evaluation of non-compact slenderness limit of Hexadecagonal section 
The following observations can be drawn from the comparison of bending resistance of FE 
models with yield moment (My) (Figures 4.15 to 4.17): 
i. Unlike the compact limit, AASHTO has provided three different non-compact limits (λr) 
for the Octagonal, Dodecagonal, and Hexadecagonal sections.  
ii. All the non-compact sections, along with some of the slender sections, could reach yield 
moment capacities.  
iii. Moreover, the width-thickness ratios (b/t) for which the MFEM/My ratio is 
approximately1.0 are also identified. These width-thickness ratios are indicated as the 
revised non-compact limit (λr(Proposed)) in the figure. 
iv. It is observed that current AASHTO non-compact limits of     √   ⁄  ,     √
 
  ⁄  
and     √   ⁄   can be increased to     √
 
  ⁄  ,     √
 
  ⁄  and     √
 
  ⁄  for 
Octagonal, Dodecagonal, and Hexadecagonal sections, respectively.  
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4.5 Multi-sided tubes subjected to moment gradient 
Local buckling behavior of compact and non-compact multi-sided tube sections was further 
investigated by subjecting fifteen (15) selected sections to a moment gradient. The sections were 
subjected to a concentrated load at the middle of the spans. Details of the selected sections are 
presented in Table A.10 (Appendix A).  Following Figures 4.18, 4.19 and 4.20 compare the 
moment capacities obtained from the concentrated load case with those obtained from the cases 
when the same sections were subjected to a constant bending moment for Octagonal, 
Dodecagonal, and Hexadecagonal, respectively. It is observed from the figures that the local 
buckling capacities obtained from all selected multi-sided tube sections subjected to a 
concentrated load at their mid-spans are higher than those obtained when the selected sections 
were subjected to constant moment. In addition, Figure 4.21 shows that except for one 
Hexadecagonal compact section, all the selected multi-sided tube sections were able to reach 
their capacities before any local buckling.  
 
Figure 4.18: Bending capacities obtained from Octagonal section subjected to constant moment 




Figure 4.19: Bending capacities obtained from Dodecagonal section subjected to constant 
moment and concentrated load at mid-span 
 
Figure 4.20: Bending capacities obtained from Hexadecagonal section subjected to constant 




Figure 4.21: Multi-sided tube sections subjected to concentrated load at mid-span 
4.6 Local buckling of multi-sided tube sections with different end conditions 
In order to investigate the effect of support condition on local buckling capacity of multi-sided 
tube sections, eight (08) simply supported multi-sided sections previously considered for the 
constant bending moment are reanalyzed when they have cantilever support conditions. The 
cantilever multi-sided tube sections are subjected to a constant moment along the length of the 
members by applying a concentrated moment at the free end of the members. Table 4.3 
compares the bending resistances of multi-sided tube sections with different support conditions. 
It is observed that there is no significant difference in local buckling capacities of the multi-sided 
sections when they have different end conditions. Thus, the same local buckling limit can be 













OCTAGONAL-B-11 280.60 281.63 
OCTAGONAL-B-12 98.74 98.35 
OCTAGONAL-B-13 128.63 127.47 
DODECAGONAL-B-8 1407.32 1412.47 
DODECAGONAL-B-12 204.73 204.45 
DODECAGONAL-B-13 170.94 172.26 
HEXADECAGON-B-1 1623.52 1624.95 
HEXADECAGON-B-12 892.52 894.24 
 
4.7 Summary 
This chapter presents the local buckling behavior of the multi-sided tube under axial 
compression and pure bending. Geometric property selection criteria have been discussed in 
detail. Finite element results of models under axial compression and constant bending moment 
have been presented. FE analyses indicate that AASHTO suggested non-compact limit of the 
Hexadecagonal section can also be used for the other two sections (i.e., Octagonal and 
Dodecagonal) under axial compression. FE analyses showed that AASHTO provided compact 
limit for members under flexure might need to be revised. However, AASHTO provided non-
compact limits are quite relaxed for the sections subjected to pure bending. Based on FE results, 
revised compact and non-compact limits have been proposed for Octagonal, Dodecagonal, and 
Hexadecagonal sections subjected to flexure. Additionally, FE results have also been compared 
with capacities suggested by different codes. Furthermore, some of the models which were 
previously subjected to constant moment were reanalyzed under moment gradient, and local 
buckling capacity was found to be higher for the models subjected to moment gradient. To 
observe the effect of support condition on local buckling capacity of multi-sided tube sections, 
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some of the simply supported multi-sided sections previously considered for constant bending 
moment are reanalyzed when they have cantilever support conditions and no significant 














Chapter 5  Behavior of Multi-sided Tubes under Combined Bending 
and Compression and Pure Torsion  
5.1 Introduction 
The validated finite element (FE) model is used to conduct more analyses to observe the 
behavior of multi-sided tube under combined bending and compression and pure torsion for 
various width-thickness ratios (b/t). The selected width and lengths of FE models subjected to 
combined bending and compression and pure torsion are shown in section 5.2. Sections 5.3 and 
5.4 show the FE model results under combined bending and compression and pure torsion, 
respectively. Details of geometric property and FE results are provided in Appendix A. 
5.2 Geometric property selection criteria 
For all the FE models, element width (b), wall thickness (t), and inside bend radius (rb) have been 
chosen according to AASHTO (AASHTO, 2015). The geometric selection criteria are the same 
as discussed in Chapter 4. The following table shows the element width (b) and internal bend 
radius (rb) used for all the FE models subjected to combined bending and compression and pure 
torsion. The selected lengths for the three multi-sided sections are the same as that considered for 
the pure bending conditions. 
Table 5.1: Selected width and lengths of FE models subjected to combined bending and 











Octagonal 8 100 Five times tube wall 
thickness or 25.4 mm, 
whichever is larger 
2000 
Dodecagonal 12 95 2500 
Hexadecagonal 16 140 4000 
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5.3 Multi-sided tube sections subjected to combined bending and compression 
Twenty-two (22) models of each cross-sectional profile, a total of sixty-six (66) models, were 
subjected to combined bending and axial compression. These models include both compact and 
non-compact sections. For each model, three different compressive loads of 20%, 30%, and 45% 
of axial capacity (Py= AFy) of the corresponding section were applied. Bending capacity for the 
combined loading (MFEM(COMB)) was obtained for each compressive load case from FE analysis. 
FE results are compared with existing codes. Following subsection 5.3.1 present FE results of 
models under combined bending and compression. A detailed comparison of FE results with 
different codes is made in section 5.3.2. 
5.3.1 FE results of models under combined bending and compression 
Following figures show the typical deformed shapes of the Octagonal, Dodecagonal, and 
Hexadecagonal sections under combined bending and compression. For all the models, local 
buckling failure was observed.  
 




(b) Deformed shape of Dodecagonal section  
 
(c) Deformed shape of Hexadecagonal section  
Figure 5.1: Deformed shape of (a) Octagonal, (b) Dodecagonal, and (c) Hexadecagonal section 
under combined bending and compression 
Furthermore, Figure 5.2, 5.3, and 5.4 show the bending moments (MFEM(COMB)) obtained from 
nonlinear FE analyses for Octagonal, Dodecagonal, and Hexadecagonal sections, respectively. 
Each figure shows the bending moment (MFEM(COMB)) obtained for the applied compressive load 
of 20%, 30%, and 45% of Py for different width-thickness ratios (b/t). For all multi-sided tube 
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sections, it is observed from the figures that bending capacities decrease with an increase in the 
axial compressive load. 
 
Figure 5.2: Critical bending moment (MFEM(COMB)) capacity of Octagonal section under combined 
bending and compression 
 
Figure 5.3: Critical bending moment (MFEM(COMB)) capacity of Dodecagonal section under 




Figure 5.4: Critical bending moment (MFEM(COMB)) capacity of Hexadecagonal section under 
combined bending and compression 
5.3.2 Comparison of FE results with existing codes 
Critical bending resistance from FE analyses (MFEM(COMB)) subjected to combined bending and 
compression is compared with the existing codes (i.e., AASHTO, ASCE/SEI 48-11, Eurocode 3 
and EN 50341-1). AASHTO, ASCE/SEI 48-11, Eurocode 3 and EN 50341-1 have provided 
equations to check the capacity of the sections subjected to combined loadings. 
As discussed in Chapter 2, AASHTO provides Equation 5.1 for combined bending and axial 
compression. In this equation, Mu is considered as the bending resistance of sections subjected to 




     





   
  















Similarly, Equation 5.3 provided by ASCE/SEI 48-11 for combined bending and axial 
compression loading (Chapter 2) has been simplified, and from that equation, Mu is calculated, 
which is taken as the bending resistance of sections subjected to combined bending and axial 
compression (MASCE(COMB)) according to ASCE/SEI 48-11. 
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The maximum value for allowable stress,           by ASCE/SEI 48-11 is    and the limits at 
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     for Hexadecagonal section 
These limits are also reported in Chapter 2 in Table 2.5. It should be noted that the width-
thickness limits for combined bending and axial compression suggested by ASCE/SEI 48-11 are 
almost the same as that suggested by AASHTO for non-compact (Class 3) multi-sided tube 
sections. ASCE/SEI 48-11 does not provide any width-thickness limits for compact (Class 2) 
multi-sided tube sections subjected to combined bending and compression. 
Currently, no strength equations have been provided in Eurocode 3 for multi-sided tube sections 
for combined bending and axial compression. However, as an alternative, a linear interaction of 
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moment and axial force proposed in Eurocode 3, as shown in the following equation, has been 
adopted in this research.   
    
  
 
   
   
 
   
   
   
(5.5) 
where                are design cross-sectional resistances. In this research, only uniaxial 
bending (bending about X-axis) is considered. For Class 1 and Class 2 sections, the bending 
resistance is based on plastic sections. For the Class 3 section, the maximum longitudinal stress 
due to combined compression and bending loading must be less than the yield stress. For Class 4 
sections, the same condition as Class 3 sections is applied; however, the stress is calculated 
based on effective cross-section properties.   
The strength equations for combined bending and axial compression loading provided by 
Eurocode 3 have been simplified, and Mu has been calculated, which is considered as the bending 
moment of sections subjected to combined bending and compression (MEuro(COMB)), according to 
Eurocode 3.  
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Furthermore, EN 50341-1 has adopted the same equation as Eurocode 3 but only considering 
class 3 and class 4 sections. For EN 50341-1, bending resistances of multi-sided tube sections 
subjected to combined bending and axial compression (MEN(COMB)) have been calculated by 
considering sections that are either class 3 or class 4. 
The following figures show the ratio of bending resistance obtained from FE models under 
combined bending and compression and the resistances from different codes for different width-
thickness ratios (b/t). For each multi-sided tube, three different compressive loads (i.e., 20%, 
30%, and 45% of Py) have been applied, and corresponding bending resistance has been 
obtained. Currently, design codes do not provide any separate width-thickness limits for multi-
sided tube sections subjected to axial compression and bending. In this research, the applicability 
of using the same width-thickness limits (compact and non-compact limits) as suggested for 
multi-sided tube sections when subjected to bending for combined axial compression and 
bending. Thus, the current AASHTO compact limit (λp) and non-compact limit (λr) are included 
in the figures which compare the FE analysis results with existing combined strength equations 
of different codes. 
 
Figure 5.5: Comparison of bending resistances of Octagonal sections subjected to compression 




Figure 5.6: Comparison of bending resistances of Octagonal sections subjected to compression 
of 30% of Py and bending with codes 
 
Figure 5.7: Comparison of bending resistances of Octagonal sections subjected to compression 




Figure 5.8: Comparison of bending resistances of Dodecagonal sections subjected to 
compression of 20% of Py and bending with codes 
 
 
Figure 5.9: Comparison of bending resistances of Dodecagonal sections subjected to 




Figure 5.10: Comparison of bending resistances of Dodecagonal sections subjected to 
compression of 45% of Py and bending with codes 
 
 
Figure 5.11: Comparison of bending resistances of Hexadecagonal sections subjected to 




Figure 5.12: Comparison of bending resistances of Hexadecagonal sections subjected to 
compression of 30% of Py and bending with codes 
 
Figure 5.13: Comparison of bending resistances of Hexadecagonal sections subjected to 
compression of 45% of Py and bending with codes 
Following observations can be made from the comparison between bending resistance obtained 
from FE analysis with code suggested capacities for Octagonal sections under combined bending 
and compression (Figure 5.5 to 5.7): 
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 For the Octagonal sections subjected to axial compression of 20%, 30%, and 45% of 
axial capacity Py (=AFy) and bending, the ratio of resistance from the FE model to code 
suggested resistance (MFEM(COMB)/MCODE) has a pretty similar pattern. 
 Graphs show that for the Octagonal compact sections, AASHTO and Eurocode 3 provide 
very close results. However, Eurocode 3 results are less than 1.0 for the non-compact 
Octagonal sections, indicating that Eurocode 3 overestimates bending capacity for the 
selected non-compact Octagonal sections. Also, based on FE analysis results, it can be 
observed that all the Octagonal multi-sided tube sections can reach their reduced plastic 
and elastic moment capacities when subjected up to 45% of axial load capacity in 
addition to bending. Thus, current AASHTO compact and non-compact limits for 
Octagonal multi-sided tube sections can be considered adequate for combined axial 
compression and bending.  To be consistent with bending only case, it is suggested 
    √   ⁄  be used for compact Octagonal multi-sided beam-column section.  
 In all cases, the ratio between FE models and ASCE/SEI 48-11 is much higher than 1.0, 
indicating ASCE/SEI 48-11 is being conservative. 
 For all compact and some of the non-compact sections, EN 50341-1 and ASCE/SEI 48-
11 provide the same bending strength. For few non-compact octagonal sections, EN 
50341-1 provides higher MFEM(COMB)/MCODE ratios. 
Following observations can be made from the comparison between bending resistance obtained 
from FE analyses with code suggested capacities for Dodecagonal sections when subjected to 
combined bending and compression (Figure 5.8 to 5.10): 
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 The ratios of bending resistance obtained from FE models and different codes 
(MFEM(COMB)/MCODE) of Dodecagonal sections subjected to axial compression of 20%, 
30%, and 45% of axial capacity, Py (=AFy) and bending have a very similar pattern. 
 For most of the Dodecagonal compact sections, MFEM(COMB)/MCODE ratio is higher than 
1.0, indicating codes are conservative, and the ratio is highest for ASCE/SEI 48-11. It is 
also observed that only for few Dodecagonal multi-sided tube sections current AASHTO 
compact limit is unconservative when subjected to axial compression and bending. To be 
consistent with bending only case, it is suggested     √   ⁄  be used for compact 
Dodecagonal multi-sided beam-column section.  
 Unlike other codes, AASHTO provides different bending strength equation than elastic 
capacity (SFy, where S is elastic section modulus) for Class 3 multi-sided tube sections. 
Some of selected Dodecagonal and Hexadecagonal non-compact sections couldn‟t reach 
AASHTO suggested capacities. Thus, AASHTO bending strengths for all Class 3 multi-
sided tube sections should be revisited. 
 For the non-compact sections, Eurocode 3 provides ratios less than 1.0, indicating 
Eurocode 3 can be unconservative.  
 For all compact and majority of the non-compact sections, EN 50341-1 and ASCE/SEI 
48-11 provide the same ratio. However, for few non-compact sections, EN 50341-1 
provides a higher MFEM(COMB)/MCODE ratio. 
Finally, the following observations can be made from the comparison between bending 
resistance from FE analyses and code suggested capacities for Hexadecagonal sections subjected 
to combined bending and compression (Figure 5.11 to 5.13): 
98 
 
 For the Hexadecagonal sections subjected to axial compression of 20%, 30%, and 45% of 
axial capacity, Py (=AFy) and bending, the ratio of resistance from the FE model and code 
suggested resistance (MFEM(COMB)/MCODE) has a similar trend. 
 The ratio of FE models and AASHTO is less than 1.0 for a number of Hexadecagonal 
multi-sided compact sections and some of the non-compact sections.  Thus, current 
AASHTO compact limit is not conservative for Hexadecagonal multi-sided tube sections 
when subjected to axial compression and bending. To be consistent with bending only 
case, a compact limit of     √   ⁄   can be used for Hexadecagonal multi-sided beam-
column section.  
 Eurocode 3 provide MFEM(COMB)/MCODE ratios less than 1.0 for some of the compact and 
for all non-compact sections, indicating that Eurocode 3 predicts higher capacities for a 
wide range of width-thickness ratios. 
 ASCE/SEI 48-11 provides much higher MFEM(COMB)/MCODE ratios than 1.0, and thus 
ASCE/SEI 48-11 provides a conservative estimation of bending strength for 
Hexadecagonal multi-sided tube sections when subjected to axial compression and 
bending. 
 For all compact and non-compact sections, EN 50341-1 and ASCE/SEI 48-11 provide the 
same strength predictions for Hexadecagonal multi-sided tube sections when subjected to 
axial compression and bending. 
5.4 Multi-sided tube sections subjected to pure torsion 
Eleven (11) models of each cross-sectional profile, a total of thirty-three (33) models, were 
subjected to uniform Torsion. These models include both compact and non-compact sections. 
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The critical torsional moment of FE models (TFEM) subjected to pure torsion has been compared 
with existing codes (i.e., AASHTO, and ASCE/SEI 48-11). Following subsections 5.4.1 and 
5.4.2 present FE results of models under pure torsion and comparison of FE results with different 
codes. 
5.4.1 FE results of models under pure torsion 
The following figures show the deformed shapes of the Octagonal, Dodecagonal, and 
Hexadecagonal multi-sided tube sections subjected to pure torsion. Furthermore, Figure 5.15 
shows the torsional moments (TFEM) obtained from nonlinear FE analyses. It is observed from 
Figure 5.15 that with the increase in the width-thickness ratio, the torsional capacities of all three 
multi-sided tube sections decrease. 
 




(b) Deformed shapes of Dodecagonal sections  
 
(c) Deformed shapes of Hexadecagonal sections  
Figure 5.14: Deformed shapes of (a) Octagonal, (b) Dodecagonal, and (c) Hexadecagonal 




Figure 5.15: Critical torsional capacity (TFEM) of multi-sided tube sections under constant 
moment 
5.4.2 Comparison of FE results with existing codes 
For all the sections, torsional capacities have been calculated according to AASHTO and 
ASCE/SEI 48-11. Chapter 2 contains the equations provided by AASHTO and ASCE/SEI 48-11 
to calculate the torsional moments. Figures 5.16 to 5.18 show the ratio of torsional moments 
obtained from FE models and two codes (i.e., AASHTO and ASCE/SEI 48-11) along with 
width-thickness ratios for compact Octagonal, Dodecagonal and Hexadecagonal sections. 
 




Figure 5.17: Comparison of torsional resistance of Dodecagonal sections with codes 
 
Figure 5.18: Comparison of torsional resistance of Hexdecagonal sections with codes 
From the comparison of FE analysis results with the codes, it is observed that Octagonal compact 
sections mostly have higher torsional capacities than the AASHTO, and ASCE/SEI 48-11 
suggested torsional capacities. On the other hand, Octagonal non-compact sections are not 
capable of reaching the torsional capacities indicated by the two codes. For Dodecagonal 
compact sections, most of the sections could reach torsional capacities higher than AASHTO 
provided capacities. The ratios of capacities from FE analyses and ASCE/SEI 48-11 are close to 
1.0 for most of the compact Dodecagonal sections. However, the Dodecagonal compact sections 
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near the non-compact limit and all the non-compact sections have lower torsional capacities than 
AASTO and ASCE/SEI 48-11, indicating that the two codes are overestimating the torsional 
capacities of Dodecagonal non-compact sections to some extent. It is also observed from Figure 
5.18 that ASCE/SEI 48-11 provides higher torsional capacities for Hexadecagonal sections. 
Except for few Hexadecagonal compact sections, AASHTO also provides higher torsional 
capacities than that predicted by FE analysis. 
5.5 Summary 
This chapter contains the behavior of the multi-sided tube subjected to combined bending and 
compression and pure torsion. Finite element results of models under combined bending and 
compression and pure torsion are presented. The selected width and lengths of FE models 
subjected to combined bending and compression and pure torsion are also presented. FE results 
are compared with existing codes to check the capacity equations provided in different codes. FE 
analyses for the sections under combined bending and compression show that ASCE/SEI 48-11 
and EN 50341-1 suggested capacities are pretty conservative, whereas Eurocode 3 is suggesting 
the higher capacity for the non-compact sections. FE analyses show that while AASHTO 
provides a pretty good prediction for the Octagonal and Dodecagonal sections under combined 
bending and compression, it overestimates the capacities of several selected Hexadecagonal 
sections. It is also observed that torsional capacities for the Octagonal and Dodecagonal sections 
are predicted well for the compact sections in AASHTO and ASCE/SEI 48-11 and for a large 





Chapter 6 Summary, Conclusions and Recommendations 
6.1 Summary 
A detailed numerical study using the finite element program ABAQUS was performed to 
investigate local buckling behavior of multi-sided steel tube sections under different loading 
conditions. Past Canadian steel standards did not have any width-thickness limits for multi-sided 
tube sections to prevent premature local buckling. It is just in the recent Canadian steel standard 
CAN/CSA S16-19, width-thickness limits are suggested for multi-sided tube sections. These 
slenderness limits, which are similar to the limits suggested in AASHTO, have never been 
evaluated in detail. Thus, one of the main objectives of this research is to investigate width-
thickness limits for different multi-sided tube sections. This research is based on a parametric 
study conducted by a FE model which is able to simulate the realistic behavior of multi-sided 
steel tube sections under different loading conditions. Summary of all the studies carried out in 
this research are as follows: 
1. A nonlinear finite element model was developed to study the behavior of multi-sided tube 
sections. The FE model considered both material and geometric nonlinearities. The 
developed FE model was validated against experiments conducted by Godat et al. (2012) 
and Bräutigam et al. (2017). 
2. The validated FE model was used to analyze a series of multi-sided steel tubular sections 
under axial compression, constant bending moment, combined bending and compression, 
and pure torsion. In addition to constant bending moment, moment gradient with a 
concentrated load at the mid-span of multi-sided tube sections was considered. Three 
different polygonal cross-sections, namely, Octagonal (8-sided), Dodecagonal (12-sided), 
and Hexadecagonal (16-sided) sections were considered. 
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3. Sixteen (16) models of each cross-section, a total of forty-eight (48) models were 
analyzed under axial compression to observe the local buckling behavior of multi-sided 
tubes for various width-thickness ratios (b/t). Also, one hundred and thirty-one (131) 
models were subjected to pure bending to investigate compact and non-compact limits of 
multi-sided tube sections. Moreover, twenty-two (22) models of each cross-sectional 
profile, a total of sixty-six (66) models were subjected to combined bending and 
compression. For each model under combined loading, three different compressive loads 
were applied with 20%, 30%, and 45% of axial yield capacity (Py). Finally, a total of 
thirty-three (33) multi-sided tube sections were subjected to uniform torsion to 
investigate the behavior of these sections when subjected to torsion. 
4. FE analysis results were used to evaluate the width-thickness limits of AASHTO and 
capacity equations of different codes (i.e., AASHTO, ASCE/SEI 48-11, Eurocode 3, and 
EN 50341-1). 
Section 6.2 contains a summary of the key findings and conclusions drawn from this study. 
Furthermore, section 6.3 presents the recommendations for future work, which includes other 
contributing factors that were not considered in this research. 
6.2 Conclusions 
The principal findings of this research can be divided into several parts as follows. 
The following observations can be made from the validation of FE models: 
 The results of the FE model showed a good correlation with the test results of Godat et al. 
(2012). In the experiment, six stub columns of three different cross-sections (i.e., 
Octagonal, Dodecagonal, and Hexadecagonal) were tested under concentric compression. 
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Six FE models were developed similar to the test program, and the Critical Buckling 
Load of each member was captured. A maximum of 7% difference was found between 
test and FE results. 
 The results of the FE model showed an excellent correlation with the test results of 
Bräutigam et al. (2017). In the experiment, local buckling behavior of polygonal sections 
having 16-sides was investigated under pure bending. Two FE models were developed 
similar to the test program and the maximum bending moment capacity of each member 
was captured. A maximum of 3.6% difference was found between test and FE results. 
The following conclusions can be made for the FE models under axial compression: 
 AASHTO and Eurocode 3 provide good predictions for the compressive resistance for 
multi-sided tube sections. While AASHTO provides three different non-compact limits 
(λr) for different multi-sided tube sections, all sections having at least the width-thickness 
ratio (b/t) of the Hexadecagonal section could reach capacities close to yield stress (Fy). 
Thus, it is recommended to use the same width-thickness limit, the non-compact limit of 
the Hexadecagonal section, for all three sections subjected to axial compression. 
 ASCE/SEI 48-11 predictions for compressive strength for multi-sided tube sections 
subjected to compressive axial force are higher than that obtained from FE analyses for 
the Octagonal section. 
 The compressive strength equation by Migita and Fukumoto (1997) predicts very close 
results to AASHTO and Eurocode 3. However, the proposed compressive strength 
equation of Godat et al. (2012) is conservative when compared to the codes. 
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The following conclusions can be drawn from the comparison between bending resistances from 
FE analysis and code (i.e., AASHTO, ASCE/SEI 48-11, Eurocode 3, and EN 50341-1) suggested 
capacities: 
 MFEM/MAASHTO ratios are more than 1.0 for the entire Octagonal multi-sided tube 
sections. However, the ratio is less than 1.0 for a few Dodecagonal and a large number of 
Hexadecagonal compact sections, indicating that AASHTO overestimates the flexural 
strength for the compact Dodecagonal and Hexadecagonal multi-sided tube sections. 
 MFEM/MASCE ratios are pretty higher than 1.0 for all the Octagonal, Dodecagonal, and 
Hexadecagonal sections. This is because ASCE/SEI 48-11 suggests elastic strength as the 
design flexural strength for all multi-sided tube sections whether they are compact or 
non-compact. For the majority of the selected multi-sided tube sections, EN 50341-1 is 
also suggesting the same resistance as ASCE/SEI 48-11 and for the remaining sections, 
EN 50341-1 recommends class 4 section capacities. 
 MFEM/MEuro ratio is less than 1.0 for most of the Octagonal, Dodecagonal, and 
Hexadecagonal sections, as Eurocode 3 is suggesting full plastic moment capacity for 
class 1 and class 2 sections, which includes all compact and most of the non-compact 
sections (Compact and non-compact defined as AASHTO). However, near the non-
compact limit (λr), there is a sudden increase in the ratio as Eurocode 3 suggests the 
elastic capacity for class 3 sections. 
The following conclusions can be drawn from the comparison of bending resistance of FE 
models under pure bending with plastic moment (Mp) and yield moment (My): 
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 The study showed that, several compact sections (according to AASHTO) subjected to 
constant moment were not able to reach their plastic moment capacities. This was 
observed more for the Hexadecagonal multi-sided tube sections. Thus, it is recommended 
to revise the current AASHTO compact limits for the multi-sided tube sections. The 
proposed compact limits (λp(Proposed)) are     √   ⁄  ,     √
 
  ⁄  and     √
 
  ⁄  for 
Octagonal, Dodecagonal, and Hexadecagonal sections, respectively. Consistent with the 
current ASSHTO, the same compact limit of      √   ⁄   can be used for all three multi-
sided tube sections. 
 AASHTO provided non-compact limits for multi-sided tube sections are conservative 
when subjected to constant bending moment and can be relaxed more. Thus, the current 
AASHTO non-compact limits of     √   ⁄  ,     √
 
  ⁄  and     √
 
  ⁄   can be 
increased to     √   ⁄  ,     √
 
  ⁄  and     √
 
  ⁄  for Octagonal, Dodecagonal, and 
Hexadecagonal multi-sided tube sections, respectively. In addition, it will be convenient 
to practicing engineers to have a single non-compact width-thickness limit, similar to the 
one for the Hexadecagonal section, for all three multi-sided tube sections.  
 Bending moment capacities obtained when the multi-sided tube sections were subjected 
to concentrated load at their mid-spans were all higher than those obtained from the 
constant bending moment cases. Thus, the width-thickness limits obtained in this study 
are applicable for any moment gradient. 
 The local buckling capacities of multi-sided tube sections obtained from this study for 
both simply supported end condition and cantilever support conditions were almost the 
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same. Thus, the width-thickness limits obtained from the analyses of simply supported 
multi-sided tube sections are applicable for other support conditions.  
The following observations can be made from the comparison between bending resistance of FE 
models under combined bending and compression and code (i.e., AASHTO, ASCE/SEI 48-11, 
Eurocode 3, and EN 50341-1) suggested capacities: 
 For each cross-section (i.e., Octagonal, Dodecagonal and Hexadecagonal) subjected to 
compression of 20%, 30% and 45% of axial capacity, Py (=AFy) and bending, the ratio of 
resistance from FE model and code suggested resistance (MFEM(COMB)/MCODE) has a pretty 
similar pattern. 
 All the models could reach capacities much higher than ASCE/SEI 48-11 and EN 50341-
1 provided capacities, indicating both codes are pretty conservative. Moreover, for the 
majority of the sections, both ASCE/SEI 48-11 and EN 50341-1 are suggesting exactly 
the same capacity.  
 Octagonal compact sections could reach Eurocode 3 suggested capacity, and it is very 
close to AASHTO suggested capacity. However, the non-compact Octagonal sections 
could not reach Eurocode 3 suggested resistance. The majority of the Dodecagonal 
compact and some of the Hexadecagonal compact sections could reach Eurocode 3 
suggested capacity. However, Eurocode 3 is suggesting higher capacity than FE results 
for the non-compact sections. 
 All the Octagonal sections could reach capacities suggested by AASHTO. Based on FE 
results, current AASHTO compact and non-compact limits for Octagonal multi-sided 
tube sections can be considered adequate for combined axial compression and bending.  
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To be consistent with bending only case, it is suggested     √   ⁄  be used for compact 
Octagonal multi-sided beam-column section.  
 Most of the Dodecagonal compact section could reach AASHTO suggested capacity. 
Only for few Dodecagonal multi-sided tube sections, current AASHTO compact limit is 
unconservative when subjected to axial compression and bending. To be consistent with 
bending only case, it is suggested     √   ⁄  be used for compact Dodecagonal multi-
sided beam-column section. 
 Unlike other codes, AASHTO provides different bending strength equation than elastic 
capacity (SFy, where S is elastic section modulus) for Class 3 multi-sided tube sections. 
Some of selected Dodecagonal and Hexadecagonal non-compact sections couldn‟t reach 
AASHTO suggested capacities. Thus, AASHTO bending strengths for all Class 3 multi-
sided tube sections should be revisited.  
 The ratio of FE models and AASHTO is less than 1.0 for a number of Hexadecagonal 
multi-sided compact sections. Thus, current AASHTO compact limit is not conservative 
for Hexadecagonal multi-sided tube sections when subjected to axial compression and 
bending. To be consistent with bending only case, a compact limit of     √   ⁄   can be 
used for Hexadecagonal multi-sided beam-column section.  
From the comparison of torsional capacities of FE models subjected to pure torsion with codes 
(i.e., AASHTO and ASCE/SEI 48-11), the following conclusions can be listed:  
 Both AASHTO and ASCE/SEI 48-11 suggest very close torsional capacities for 
Octagonal sections. Octagonal compact sections mostly have higher capacities than the 
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AASHTO and ASCE/SEI 48-11 suggested torsional capacities. However, the selected 
Octagonal non-compact FE models were not capable of reaching the capacities indicated 
by the two codes.  
 Most of the Dodecagonal compact sections could reach capacities higher than AASHTO. 
Also the majority of the Dodecagonal compact FE models are providing very close 
results to ASCE/SEI 48-11. Both codes are suggesting similar torsional resistances for 
Dodecagonal non-compact sections. However, all the FE non-compact sections have 
lower capacities than AASTO and ASCE/SEI 48-11; indicating codes are overestimating 
to some extent.  
 ASCE/SEI 48-11 provides higher capacities for Hexadecagonal sections when they are 
subjected to pure torsion. Moreover, except for a few Hexadecagonal compact sections, 
AASHTO also suggests higher torsional capacities than FE analysis results. 
It is recognized that the proposed width-thickness limits are obtained based on the analysis of a 
limited number of multi-sided tube sections. It is suggested that the proposed limits be re-
evaluated with experimental tests and more analysis with different geometry and loading 
conditions.   
6.3 Recommendations for future work 
Based on the findings and results obtained during this investigation the following 




 Currently, there is no test available for multi-sided tube sections subjected to bending and 
axial compression. Thus, multi-sided tube sections should be investigated for combined 
bending and compression.  
 Both experimental and analytical studies should be conducted for multi-sided tube 
sections subjected to combined axial compression, bending, shear and torsion.  
 The effect of initial imperfection on the local buckling behavior of multi-sided steel tube 
sections should be considered in future investigations. 
 The influence of residual stress on the strength of multi-sided tube sections subjected to 
different loading should be investigated in detail. 
 The effect of inside bend radius (rb) on the strength and behavior of multi-sided steel tube 
sections need to be investigated in future studies. 
 Different end conditions and effect of bracings should be evaluated in future studies. 
 The effect of strain hardening of steel material on the local buckling behavior and 
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Appendix A contains the geometric property tables for all the models subjected to axial 
compression, pure bending, combined bending and compression, and pure torsion. 























Side to Flat 





16.67 30 295.42 
OCTAGONAL-C-2 5 20 25.4 286.42 
OCTAGONAL-C-3 4.6 21.74 25.4 282.82 
OCTAGONAL-C-4 3.5 28.57 25.4 272.92 
OCTAGONAL-C-5 3 33.33 25.4 268.42 
OCTAGONAL-C-6 2.3 43.48 25.4 262.12 
OCTAGONAL-C-7 2 50 25.4 259.42 
OCTAGONAL-C-8 1.7 58.82 25.4 256.72 
OCTAGONAL-C-9 6.5 15.38 32.5 299.92 
OCTAGONAL-C-10 5.5 18.18 27.5 290.92 
OCTAGONAL-C-11 2.72 36.76 25.4 265.90 
OCTAGONAL-C-12 4 25 25.4 277.42 
OCTAGONAL-C-13 14 7.14 70 367.42 
OCTAGONAL-C-14 9 11.11 45 322.42 
OCTAGONAL-C-15 3.71 26.95 25.4 274.81 
OCTAGONAL-C-16 4.17 23.98 25.4 278.95 































15.83 30 408.54 
DODECAGONAL-C-2 5.5 17.27 27.5 404.04 
DODECAGONAL-C-3 5 19 25.4 399.54 
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25 25.4 388.74 
DODECAGONAL-C-5 2.5 38 25.4 377.04 
DODECAGONAL-C-6 2.2 43.18 25.4 374.34 
DODECAGONAL-C-7 2 47.5 25.4 372.54 
DODECAGONAL-C-8 3.5 27.14 25.4 386.04 
DODECAGONAL-C-9 3.25 29.23 25.4 383.79 
DODECAGONAL-C-10 2.8 33.93 25.4 379.74 
DODECAGONAL-C-11 4.6 20.65 25.4 395.94 
DODECAGONAL-C-12 15 6.33 75 489.54 
DODECAGONAL-C-13 10 9.5 50 444.54 
DODECAGONAL-C-14 7 13.57 35 417.54 
DODECAGONAL-C-15 4 23.75 25.4 390.54 
DODECAGONAL-C-16 4.318 22 25.4 393.41 






















Flat Side to 






20 35 766.83 
HEXADECAGONAL-C-2 6.5 21.54 32.5 762.33 
HEXADECAGONAL-C-3 5.5 25.45 27.5 753.33 
HEXADECAGONAL-C-4 5 28 25.4 748.83 
HEXADECAGONAL-C-5 4.6 30.43 25.4 745.23 
HEXADECAGONAL-C-6 3.8 36.84 25.4 738.03 
HEXADECAGONAL-C-7 2.8 50 25.4 729.03 
HEXADECAGONAL-C-8 8 17.5 40 775.83 
HEXADECAGONAL-C-9 7.5 18.67 37.5 771.33 
HEXADECAGONAL-C-10 4.8 29.17 25.4 747.03 
HEXADECAGONAL-C-11 5.2 26.92 26 750.63 
HEXADECAGONAL-C-12 6 23.33 30 757.83 
HEXADECAGONAL-C-13 30 4.67 150 973.83 
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Flat Side to 






6.01 116.5 913.53 
HEXADECAGONAL-C-15 9.5 14.74 47.5 789.33 
HEXADECAGONAL-C-16 12.73 11 63.65 818.4 


















Flat Side to 






15.38 32.5 299.92 
OCTAGONAL-B-2 6 16.67 30 295.42 
OCTAGONAL-B-3 5.5 18.18 27.5 290.92 
OCTAGONAL-B-4 5 20 25.4 286.42 
OCTAGONAL-B-5 4.6 21.74 25.4 282.82 
OCTAGONAL-B-6 4 25 25.4 277.42 
OCTAGONAL-B-7 20 5 100 421.42 
OCTAGONAL-B-8 14 7.14 70 367.42 
OCTAGONAL-B-9 10 10 50 331.42 
OCTAGONAL-B-10 9 11.11 45 322.42 
OCTAGONAL-B-11 7.5 13.33 37.5 308.92 
OCTAGONAL-B-12 3.71 26.95 25.4 274.81 
OCTAGONAL-B-13 4.45 22.47 25.4 281.47 
OCTAGONAL-B-14 4.17 23.98 25.4 278.95 
OCTAGONAL-B-15 
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4.61 26.03 25.4 331.19 
OCTAGONAL-B-16 5.22 22.99 26.1 336.68 
OCTAGONAL-B-17 6.3 19.05 31.5 346.4 
OCTAGONAL-B-18 8.28 14.49 41.4 364.22 




























Side to Flat 





28.57 25.4 272.92 
OCTAGONAL-B-N-2 3.3 30.3 25.4 271.12 
OCTAGONAL-B-N-3 3 33.33 25.4 268.42 
OCTAGONAL-B-N-4 3.125 32 25.4 269.55 
OCTAGONAL-B-N-5 2.85 35.09 25.4 267.07 
OCTAGONAL-B-N-6 2.715 36.83 25.4 265.86 
OCTAGONAL-B-N-7 2.6796 37.32 25.4 265.54 
OCTAGONAL-B-N-8 2.59582 38.52 25.4 264.78 
OCTAGONAL-B-N-9 2.44312 40.93 25.4 263.41 
OCTAGONAL-B-N-10 2.51716 39.73 25.4 264.08 
OCTAGONAL-B-N-11 2.47221 40.45 25.4 263.67 
OCTAGONAL-B-N-12 2.37332 42.14 25.4 262.78 
OCTAGONAL-B-N-13 
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3.175 37.8 25.4 318.28 
OCTAGONAL-B-N-14 3.33 36.04 25.4 319.67 
OCTAGONAL-B-N-15 3.5 34.29 25.4 321.2 
OCTAGONAL-B-N-16 4.1 29.27 25.4 326.6 
OCTAGONAL-B-N-17 4.35 27.59 25.4 328.85 


















Flat Side to Flat 





14.62 32.5 413.04 
DODECAGONAL-B-2 6 15.83 30 408.54 
DODECAGONAL-B-3 5.5 17.27 27.5 404.04 
DODECAGONAL-B-4 5 19 25.4 399.54 
DODECAGONAL-B-5 4.6 20.65 25.4 395.94 
DODECAGONAL-B-6 3.8 25 25.4 388.74 
DODECAGONAL-B-7 20 4.75 100 534.54 
DODECAGONAL-B-8 15 6.33 75 489.54 
DODECAGONAL-B-9 10 9.5 50 444.54 
DODECAGONAL-B-10 8 11.88 40 426.54 
DODECAGONAL-B-11 7 13.57 35 417.54 
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Table A.6: (Cont.) Geometric Properties of Dodecagonal (12-sided) Compact Sections Subjected 

















Flat Side to 






23.75 25.4 390.54 
DODECAGONAL-B-13 3.524 26.96 25.4 386.26 
DODECAGONAL-B-14 4.318 22 25.4 393.41 
DODECAGONAL-B-15 
115 
4.42 26.02 25.4 468.96 
DODECAGONAL-B-16 5 23 25.4 474.18 
DODECAGONAL-B-17 6.39 18 31.95 486.69 
DODECAGONAL-B-18 11 10.45 55 528.18 
DODECAGONAL-B-19 14.375 8 71.875 558.56 























Side to Flat 





29.23 25.4 383.79 
DODECAGONAL-B-N-2 3 31.67 25.4 381.54 
DODECAGONAL-B-N-3 2.8 33.93 25.4 379.74 
DODECAGONAL-B-N-4 3.39 28.02 25.4 385.05 
DODECAGONAL-B-N-5 3.16 30.06 25.4 382.98 
DODECAGONAL-B-N-6 2.87 33.1 25.4 380.37 
DODECAGONAL-B-N-7 2.72114 34.91 25.4 379.03 
DODECAGONAL-B-N-8 2.3913 39.73 25.4 376.07 
DODECAGONAL-B-N-9 2.54558 37.32 25.4 377.45 
DODECAGONAL-B-N-10 2.51315 37.8 25.4 377.16 
DODECAGONAL-B-N-11 2.48154 38.28 25.4 376.88 
DODECAGONAL-B-N-12 2.63043 36.12 25.4 378.22 
DODECAGONAL-B-N-13 
115 
4.18 27.51 25.4 466.8 
DODECAGONAL-B-N-14 4 28.75 25.4 465.18 
DODECAGONAL-B-N-15 3.73 30.83 25.4 462.75 
DODECAGONAL-B-N-16 3.54 32.49 25.4 461.04 























Flat Side to 






17.5 40 775.83 
HEXADECAGONAL-B-2 7.5 18.67 37.5 771.33 
HEXADECAGONAL-B-3 7 20 35 766.83 
HEXADECAGONAL-B-4 6.5 21.54 32.5 762.33 
HEXADECAGONAL-B-5 5.5 25.45 27.5 753.33 
HEXADECAGONAL-B-6 6 23.33 30 757.83 
HEXADECAGONAL-B-7 30 4.67 150 973.83 
HEXADECAGONAL-B-8 23.3 6.01 116.5 913.53 
HEXADECAGONAL-B-9 14 10 70 829.83 
HEXADECAGONAL-B-10 17 8.24 85 856.83 
HEXADECAGONAL-B-11 11 12.73 55 802.83 
HEXADECAGONAL-B-12 5.2 26.92 26 750.63 
HEXADECAGONAL-B-13 9.5 14.74 47.5 789.33 
HEXADECAGONAL-B-14 12.73 11 63.65 818.4 
HEXADECAGONAL-B-15 8.75 16 43.75 782.58 
HEXADECAGONAL-B-16 20 7 100 883.83 
HEXADECAGONAL-B-17 
160 
17.78 9 88.9 964.39 
HEXADECAGONAL-B-18 11.85 13.5 59.25 911.02 
HEXADECAGONAL-B-19 6.53 24.5 32.65 863.14 
HEXADECAGONAL-B-20 7.11 22.5 35.55 868.36 
HEXADECAGONAL-B-21 6.08 26.32 30.4 859.09 
Table A.9: Geometric Properties of Hexadecagonal (16-sided) Non-compact Sections Subjected 





















Flat Side to Flat 





27.45 25.5 749.73 
HEXADECAGONAL-B-N-2 5 28 25.4 748.83 
HEXADECAGONAL-B-N-3 4.8 29.17 25.4 747.03 
HEXADECAGONAL-B-N-4 4.65 30.11 25.4 745.68 
HEXADECAGONAL-B-N-5 3.87642 36.12 25.4 738.71 
HEXADECAGONAL-B-N-6 3.63415 38.52 25.4 736.53 
HEXADECAGONAL-B-N-7 3.95554 35.39 25.4 739.43 
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Table A.9: (Cont.) Geometric Properties of Hexadecagonal (16-sided) Non-compact Sections 





















Flat Side to 






34.91 25.4 739.92 
HEXADECAGONAL-B-N-9 4.40503 31.78 25.4 743.47 
HEXADECAGONAL-B-N-10 4.15331 33.71 25.4 741.21 
HEXADECAGONAL-B-N-11 
160 
5.61 28.52 28.05 854.86 
HEXADECAGONAL-B-N-12 5.4 29.63 27 852.97 
HEXADECAGONAL-B-N-13 5.274 30.34 26.37 851.84 
HEXADECAGONAL-B-N-14 5.16 31.01 25.8 850.81 
HEXADECAGONAL-B-N-15 4.92 32.52 25.4 848.65 



















9 11.11 460.55 377.13 
OCTAGONAL-B-12 3.71 26.95 108.94 98.74 
OCTAGONAL-B-13 4.45 22.47 145.53 128.63 
OCTAGONAL-B-N-2 3.3 30.3 91.37 81.38 
OCTAGONAL-B-N-6 2.85 35.09 74.2 64.05 
DODECAGONAL-B-3 
12 95 
5.5 17.27 370.73 320.76 
DODECAGONAL-B-9 10 9.5 893.41 739.09 
DODECAGONAL-B-13 3.524 26.96 190.55 170.94 
DODECAGONAL-B-N-2 3.25 29.23 169.3 150.18 
DODECAGONAL-B-N-7 2.87 33.1 139.74 122.26 
HEXADECAGONAL-B-3 
16 140 
7 20 1502.94 1357.77 
HEXADECAGONAL-B-12 5.2 26.92 988.9 892.52 
HEXADECAGONAL-B-15 8.75 16 2031.74 1819.43 
HEXADECAGONAL-B-16 20 7 6717.56 5715.58 





Table A.11: Geometric Properties of Octagonal (8-sided) Compact Sections Subjected to 

















Flat Side to 






15.38 32.5 299.92 
OCTAGONAL-COMB-2 6 16.67 30 295.42 
OCTAGONAL-COMB-3 5.5 18.18 27.5 290.92 
OCTAGONAL-COMB-4 5 20 25.4 286.42 
OCTAGONAL-COMB-5 4.6 21.74 25.4 282.82 
OCTAGONAL-COMB-6 4 25 25.4 277.42 
OCTAGONAL-COMB-7 20 5 100 421.42 
OCTAGONAL-COMB-8 14 7.14 70 367.42 
OCTAGONAL-COMB-9 10 10 50 331.42 
OCTAGONAL-COMB-10 9 11.11 45 322.42 
OCTAGONAL-COMB-11 7.5 13.33 37.5 308.92 
OCTAGONAL-COMB-12 3.71 26.95 25.4 274.81 
OCTAGONAL-COMB-13 4.45 22.47 25.4 281.47 
OCTAGONAL-COMB-14 4.17 23.98 25.4 278.95 
 
Table A.12: Geometric Properties of Octagonal (8-sided) Non-compact Sections Subjected to 





























28.57 25.4 272.92 
OCTAGONAL-COMB-N-2 3.3 30.3 25.4 271.12 
OCTAGONAL-COMB-N-3 3 33.33 25.4 268.42 
OCTAGONAL-COMB-N-4 3.125 32 25.4 269.55 
OCTAGONAL-COMB-N-5 2.85 35.09 25.4 267.07 
OCTAGONAL-COMB-N-6 2.715 36.83 25.4 265.86 
OCTAGONAL-COMB-N-7 2.6796 37.32 25.4 265.54 





Table A.13: Geometric Properties of Dodecagonal (12-sided) Compact Sections Subjected to 

























14.62 32.5 413.04 
DODECAGONAL-COMB-2 6 15.83 30 408.54 
DODECAGONAL-COMB-3 5.5 17.27 27.5 404.04 
DODECAGONAL-COMB-4 5 19 25.4 399.54 
DODECAGONAL-COMB-5 4.6 20.65 25.4 395.94 
DODECAGONAL-COMB-6 3.8 25 25.4 388.74 
DODECAGONAL-COMB-7 20 4.75 100 534.54 
DODECAGONAL-COMB-8 15 6.33 75 489.54 
DODECAGONAL-COMB-9 10 9.5 50 444.54 
DODECAGONAL-COMB-10 8 11.88 40 426.54 
DODECAGONAL-COMB-11 7 13.57 35 417.54 
DODECAGONAL-COMB-12 4 23.75 25.4 390.54 
DODECAGONAL-COMB-13 3.524 26.96 25.4 386.26 
DODECAGONAL-COMB-14 4.318 22 25.4 393.41 
 
Table A.14: Geometric Properties of Dodecagonal (12-sided) Non-compact Sections Subjected 





























29.23 25.4 383.79 
DODECAGONAL-COMB-N-2 3 31.67 25.4 381.54 
DODECAGONAL-COMB-N-3 2.8 33.93 25.4 379.74 
DODECAGONAL-COMB-N-4 3.39 28.02 25.4 385.05 
DODECAGONAL-COMB-N-5 3.16 30.06 25.4 382.98 
DODECAGONAL-COMB-N-6 2.87 33.10 25.4 380.37 
DODECAGONAL-COMB-N-7 2.72114 34.91 25.4 379.03 





Table A.15: Geometric Properties of Hexadecagonal (16-sided) Compact Sections Subjected to 

















Flat Side to Flat 





17.5 40 775.83 
HEXADECAGONAL-COMB-2 7.5 18.67 37.5 771.33 
HEXADECAGONAL-COMB-3 7 20 35 766.83 
HEXADECAGONAL-COMB-4 6.5 21.54 32.5 762.33 
HEXADECAGONAL-COMB-5 5.5 25.45 27.5 753.33 
HEXADECAGONAL-COMB-6 6 23.33 30 757.83 
HEXADECAGONAL-COMB-7 30 4.67 150 973.83 
HEXADECAGONAL-COMB-8 23.3 6.01 116.5 913.53 
HEXADECAGONAL-COMB-9 14 10 70 829.83 
HEXADECAGONAL-COMB-10 17 8.24 85 856.83 
HEXADECAGONAL-COMB-11 11 12.73 55 802.83 
HEXADECAGONAL-COMB-12 5.2 26.92 26 750.63 
HEXADECAGONAL-COMB-13 9.5 14.74 47.5 789.33 
HEXADECAGONAL-COMB-14 12.73 11 63.65 818.4 
HEXADECAGONAL-COMB-15 8.75 16 43.75 782.58 
HEXADECAGONAL-COMB-16 46.7 3 233.5 1124.13 
 
Table A.16: Geometric Properties of Hexadecagonal (16-sided) Non-compact Sections Subjected 






























27.45 25.5 749.73 
HEXADECAGONAL-COMB-N-2 5 28 25.4 748.83 
HEXADECAGONAL-COMB-N-3 4.8 29.17 25.4 747.03 
HEXADECAGONAL-COMB-N-4 4.65 30.11 25.4 745.68 
HEXADECAGONAL-COMB-N-5 4.40503 31.78 25.4 743.47 























Flat Side to 






15.38 32.5 299.92 
OCTAGONAL-TOR-2 6 16.67 30 295.42 
OCTAGONAL-TOR-3 5.5 18.18 27.5 290.92 
OCTAGONAL-TOR-4 5 20 25.4 286.42 
OCTAGONAL-TOR-5 4.6 21.74 25.4 282.82 
OCTAGONAL-TOR-6 4 25 25.4 277.42 
OCTAGONAL-TOR-7 3.71 26.95 25.4 274.81 































28.57 25.4 272.92 
OCTAGONAL-TOR-N-2 3.3 30.3 25.4 271.12 
OCTAGONAL-TOR-N-3 3 33.33 25.4 268.42 
OCTAGONAL-TOR-N-4 2.72 36.76 25.4 265.9 


















Flat Side to 






14.62 32.5 413.04 
DODECAGONAL-TOR-2 6 15.83 30 408.54 
DODECAGONAL-TOR-3 5.5 17.27 27.5 404.04 
DODECAGONAL-TOR-4 5 19 25.4 399.54 
DODECAGONAL-TOR-5 4.6 20.65 25.4 395.94 
DODECAGONAL-TOR-6 3.8 25 25.4 388.74 
DODECAGONAL-TOR-7 3.524 26.96 25.4 386.26 
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Table A.20: Geometric Properties of Dodecagonal (12-sided) Non-compact Sections Subjected 






















Side to Flat 





28.02 25.4 385.05 
DODECAGONAL-TOR-N-2 3.25 29.23 25.4 383.79 
DODECAGONAL-TOR-N-3 3 31.67 25.4 381.54 
DODECAGONAL-TOR-N-4 2.8 33.93 25.4 379.74 


















Flat Side to Flat 





17.5 40 775.83 
HEXADECAGONAL-TOR-2 7.5 18.67 37.5 771.33 
HEXADECAGONAL-TOR-3 7 20 35 766.83 
HEXADECAGONAL-TOR-4 6.5 21.54 32.5 762.33 
HEXADECAGONAL-TOR-5 5.5 25.45 27.5 753.33 
HEXADECAGONAL-TOR-6 6 23.33 30 757.83 
HEXADECAGONAL-TOR-7 9.5 14.74 47.5 789.33 
Table A.22: Geometric Properties of Hexadecagonal (16-sided) Non-compact Sections Subjected 





























26.92 26 750.63 
HEXADECAGONAL-TOR-N-2 5 28 25.4 748.83 
HEXADECAGONAL-TOR-N-3 4.8 29.17 25.4 747.03 







Table B.1: FE Results of the Models subjected to Axial Compression 
Specimen PFEM (KN)  Specimen PFEM (KN) Specimen 
PFEM 
(KN) 
OCTAGONAL-C-1 2137.42 DODECAGONAL-C-1 3019.37 
HEXADECAGONAL-C-1 
5985.71 
OCTAGONAL-C-2 1663.09 DODECAGONAL-C-2 2665.59 
HEXADECAGONAL-C-2 
5495.11 
OCTAGONAL-C-3 1491.45 DODECAGONAL-C-3 2305.82 
HEXADECAGONAL-C-3 
4529.20 
OCTAGONAL-C-4 1066.80 DODECAGONAL-C-4 1643.11 
HEXADECAGONAL-C-4 
4061.47 
OCTAGONAL-C-5 883.86 DODECAGONAL-C-5 985.83 
HEXADECAGONAL-C-5 
3689.01 
OCTAGONAL-C-6 612.71 DODECAGONAL-C-6 809.19 
HEXADECAGONAL-C-6 
2870.32 
OCTAGONAL-C-7 495.45 DODECAGONAL-C-7 679.04 
HEXADECAGONAL-C-7 
1674.40 
OCTAGONAL-C-8 371.78 DODECAGONAL-C-8 1487.61 
HEXADECAGONAL-C-8 
7018.68 
OCTAGONAL-C-9 2412.14 DODECAGONAL-C-9 1365.15 
HEXADECAGONAL-C-9 
6508.00 
OCTAGONAL-C-10 1885.19 DODECAGONAL-C-10 1144.10 
HEXADECAGONAL-C-10 
3855.56 
OCTAGONAL-C-11 780.28 DODECAGONAL-C-11 2081.41 
HEXADECAGONAL-C-11 
4249.72 
OCTAGONAL-C-12 1250.04 DODECAGONAL-C-12 10272.50 
HEXADECAGONAL-C-12 
4992.32 
OCTAGONAL-C-13 7493.98 DODECAGONAL-C-13 5960.11 
HEXADECAGONAL-C-13 
40229.94 
OCTAGONAL-C-14 4036.46 DODECAGONAL-C-14 3721.95 
HEXADECAGONAL-C-14 
28530.02 
OCTAGONAL-C-15 1143.83 DODECAGONAL-C-15 1746.83 
HEXADECAGONAL-C-15 
8649.75 
OCTAGONAL-C-16 1315.94 DODECAGONAL-C-16 1924.71 
HEXADECAGONAL-C-16 
12593.68 
Calculation of Elastic Moment Capacity (My) and Plastic Moment Capacity (Mp) 
AASHTO has provided a sectional property table for common tubular shapes. Table B.2 shows 
the sectional property provided by AASHTO. In this study, this Table B.2 has been used to 
calculate Elastic Moment Capacity (My) and Plastic Moment Capacity (Mp) for the multi-sided 
tubes, as well as the rounded tubes. 
130 
 
Table B.2: Sectional Properties for Common Tubular Shapes (AASHTO 2015) 
Property Round Tube Hexadecagonal 
Tube 
Dodecagonal Tube Octagonal Tube 


















Area, A 6.28R't 6.37R't 6.43R't 6.63R't 
Shape Factor, Kp=Z/S 1.27 1.27 1.26 1.24 
Radius of Gyration, r 0.707R' 0.711R' 0.715R' 0.727R' 
Elastic Moment Capacity (My) and Plastic Moment Capacity (Mp) Calculation for the 
Octagonal Sections 
Calculations are shown for OCTAGONAL-B-1, which has the following properties, 
Mid-surface Distance from Flat Side to Flat Side, D= 299.92 mm 
Wall thickness, t= 6.5 mm 
Yield Stress, Fy= 345 MPa 




      
 
          
Section Modulus,          
 
        (      )                     
Shape Factor, Kp=1.24 
Plastic Section Modulus,                                      
  
Plastic Moment Capacity,                         N-mm          KN-m 
Elastic Moment Capacity,                        N-mm          KN-m 
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Elastic Moment Capacity (My) and Plastic Moment Capacity (Mp) Calculation for the 
Dodecagonal Sections 
Calculations are shown for DODECAGONAL-B-1, which has the following properties, 
Mid-surface Distance from Flat Side to Flat Side, D= 413.04 mm 
Wall thickness, t= 6.5 mm 
Yield Stress, Fy= 345 MPa 




      
 
          
Section Modulus,          
 
        (      )                     
Shape Factor, Kp=1.26 
Plastic Section Modulus,                                      
  
Plastic Moment Capacity,                         N-mm          KN-m 
Elastic Moment Capacity,                        N-mm         KN-m 
Elastic Moment Capacity (My) and Plastic Moment Capacity (Mp) Calculation for the 
Hexadecagonal Sections 
Calculations are shown for HEXADECAGON-B-1, which has the following properties, 
Mid-surface Distance from Flat Side to Flat Side, D= 775.83 mm 
Wall thickness, t= 8 mm 
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Yield Stress, Fy= 345 MPa 




      
 
           
Section Modulus,          
 
        (       )                   
Shape Factor, Kp= 1.27 
Plastic Section Modulus,                                      
  
Plastic Moment Capacity,                         N-mm           KN-m 
Elastic Moment Capacity,                        N-mm          KN-m 
Table B.3: FE Results and Code Suggested Resistances of Octagonal Compact Sections 
















OCTAGONAL-B-1 225 218.86 176.5 201.1 176.5 218.86 176.5 
OCTAGONAL-B-2 200.6 196.01 158.07 180.1 158.07 196.01 158.07 
OCTAGONAL-B-3 175.86 174.25 140.52 160.1 140.52 174.25 140.52 
OCTAGONAL-B-4 153 153.54 123.82 141.08 123.82 153.54 123.82 
OCTAGONAL-B-5 135.22 137.73 111.07 126.55 111.07 137.73 111.07 
OCTAGONAL-B-6 110.26 115.24 92.93 105.88 92.93 115.24 92.93 
OCTAGONAL-B-7 1557 1329.57 1072.23 1221.67 1072.23 1329.57 1072.23 
OCTAGONAL-B-8 810 707.46 570.54 650.05 570.54 707.46 570.54 
OCTAGONAL-B-9 452.61 411.16 331.58 377.79 331.58 411.16 331.58 
OCTAGONAL-B-10 377.13 350.22 282.43 321.8 282.43 350.22 282.43 
OCTAGONAL-B-11 280.6 267.92 216.06 246.18 216.06 267.92 216.06 
OCTAGONAL-B-12 98.74 104.88 84.58 96.37 84.58 104.88 84.58 
OCTAGONAL-B-13 128.63 131.97 106.43 121.26 106.43 131.97 106.43 
OCTAGONAL-B-14 116.87 121.46 97.95 111.6 97.95 121.46 97.95 
OCTAGONAL-B-15 177 189.29 152.65 173.92 152.65 189.29 152.65 
OCTAGONAL-B-16 214.76 221.5 178.63 203.52 178.63 221.5 178.63 
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Table B.3: (Cont.) FE Results and Code Suggested Resistances of Octagonal Compact Sections 
















OCTAGONAL-B-17 282.51 282.98 228.21 260.02 228.21 282.98 228.21 
OCTAGONAL-B-18 427.75 411.17 331.59 377.8 331.59 411.17 331.59 
OCTAGONAL-B-19 934.65 834.46 672.95 766.74 672.95 834.46 672.95 
 
Table B.4: FE Results and Code Suggested Resistances of Octagonal Non-compact Sections 



















OCTAGONAL-B-N-1 89.96 97.59 78.70 79.71 78.70 97.59 78.70 
OCTAGONAL-B-N-2 81.38 90.8 73.23 73.66 73.23 90.8 73.23 
OCTAGONAL-B-N-3 69.28 80.91 65.25 64.95 65.25 80.91 63.75 
OCTAGONAL-B-N-4 74.95 84.99 68.54 68.53 68.54 84.99 67.6 
OCTAGONAL-B-N-5 64.05 76.09 61.37 60.76 61.37 76.09 58.83 
OCTAGONAL-B-N-6 59.84 71.83 57.93 57.07 57.77 57.93 54.48 
OCTAGONAL-B-N-7 58.48 70.72 57.04 56.12 56.56 57.04 53.38 
OCTAGONAL-B-N-8 55.68 68.12 54.94 53.68 53.72 54.94 50.91 
OCTAGONAL-B-N-9 50.63 63.45 51.17 48.61 48.63 45.86 45.86 
OCTAGONAL-B-N-10 53.23 65.71 52.99 51.05 51.09 48.57 48.57 
OCTAGONAL-B-N-11 51.59 64.34 51.88 49.56 49.59 47 47 
OCTAGONAL-B-N-12 47.51 61.35 49.47 46.32 46.33 43.41 43.41 
OCTAGONAL-B-N-13 97.61 120.4 97.09 95.42 95.76 97.09 91.75 
OCTAGONAL-B-N-14 102.87 127.38 102.73 101.43 102.73 102.73 98.02 
OCTAGONAL-B-N-15 113.03 135.17 109.01 108.19 109.01 135.17 105.01 
OCTAGONAL-B-N-16 145.36 163.71 132.03 133.34 132.03 163.71 132.03 





Table B.5: FE Results and Code Suggested Resistances of Dodecagonal Compact Sections 
















DODECAGONAL-B-1 403.24 396.48 314.67 381.42 314.67 396.48 314.67 
DODECAGONAL-B-2 361.39 358.06 284.17 344.45 284.17 358.06 284.17 
DODECAGONAL-B-3 320.76 321.03 254.79 308.82 254.79 321.03 254.79 
DODECAGONAL-B-4 281.77 285.38 226.49 274.53 226.49 285.38 226.49 
DODECAGONAL-B-5 251.09 257.84 204.64 248.04 204.64 257.84 204.64 
DODECAGONAL-B-6 191.77 205.32 162.95 197.52 162.95 205.32 162.95 
DODECAGONAL-B-7 2306.1 2043.25 1621.63 1965.57 1621.63 2043.25 1621.63 
DODECAGONAL-B-8 1407.32 1285.29 1020.07 1236.42 1020.07 1285.29 1020.07 
DODECAGONAL-B-9 739.09 706.57 560.77 679.71 560.77 706.57 560.77 
DODECAGONAL-B-10 537.16 520.41 413.02 500.62 413.02 520.41 413.02 
DODECAGONAL-B-11 445.96 436.34 346.3 419.75 346.3 436.34 346.30 
DODECAGONAL-B-12 204.73 218.14 173.12 209.84 173.12 218.14 173.12 
DODECAGONAL-B-13 170.94 187.98 149.19 180.84 149.19 187.98 149.19 
DODECAGONAL-B-14 229.94 238.94 189.64 229.86 189.64 238.94 189.64 
DODECAGONAL-B-15 318.34 347.56 275.84 334.35 275.84 347.56 275.84 
DODECAGONAL-B-16 382.26 401.97 319.02 386.69 319.02 401.97 319.02 
DODECAGONAL-B-17 539.15 541.18 429.51 520.6 429.51 541.18 429.51 
DODECAGONAL-B-18 1151.36 1097.21 870.8 1055.5 870.8 1097.21 870.80 
DODECAGONAL-B-19 1721.29 1603.51 1272.63 1542.55 1272.63 1603.51 1272.63 
Table B.6: FE Results and Code Suggested Resistances of Dodecagonal Non-compact Sections 
















DODECAGONAL-B-N-1 150.18 171.16 135.84 139.72 135.84 171.16 135.84 
DODECAGONAL-B-N-2 132.75 156.15 123.93 126.62 123.93 156.15 123.93 
DODECAGONAL-B-N-3 119.08 144.37 114.58 115.16 114.58 144.37 109.85 
DODECAGONAL-B-N-4 161.1 179.71 142.63 147.23 142.63 179.71 142.63 
DODECAGONAL-B-N-5 145.91 165.72 131.52 134.95 131.52 165.72 131.52 
DODECAGONAL-B-N-6 122.26 148.47 117.83 119.97 117.83 148.47 117.83 
DODECAGONAL-B-N-7 114.53 139.78 110.93 110.07 109.5 110.93 105.85 
DODECAGONAL-B-N-8 95.91 120.92 95.97 89.18 88.59 88.05 88.05 




Table B.6: (Cont.) FE Results and Code Suggested Resistances of Dodecagonal Non-compact 
















DODECAGONAL-B-N-10 102.95 127.82 101.44 96.82 96.24 101.44 94.01 
DODECAGONAL-B-N-11 99.87 126.02 100.02 94.83 94.25 92.22 92.22 
DODECAGONAL-B-N-12 108.75 134.54 106.77 104.26 103.69 106.77 101.39 
DODECAGONAL-B-N-13 291.71 325.67 258.47 267.25 258.47 325.67 258.47 
DODECAGONAL-B-N-14 270.87 309.48 245.62 252.99 245.62 309.48 245.62 
DODECAGONAL-B-N-15 242.16 285.59 226.66 232.08 226.66 285.59 226.66 
DODECAGONAL-B-N-16 227.97 269.04 213.52 217.72 213.52 269.04 211.57 
DODECAGONAL-B-N-17 198.86 243.36 193.15 190.18 189.15 193.15 184.29 
Table B.7: FE Results and Code Suggested Resistances of Hexadecagonal Compact Sections 
















HEXADECAGONAL-B-1 1623.52 1698.41 1337.33 1656.19 1337.33 1698.41 1337.31 
HEXADECAGONAL-B-2 1485.37 1573.82 1239.23 1534.72 1239.23 1573.82 1239.23 
HEXADECAGONAL-B-3 1357.77 1451.81 1143.16 1415.74 1143.16 1451.81 1143.16 
HEXADECAGONAL-B-4 1225.43 1332.33 1049.08 1299.23 1049.08 1332.33 1049.08 
HEXADECAGONAL-B-5 969.51 1100.9 866.85 1073.55 866.85 1100.9 866.85 
HEXADECAGONAL-B-6 1084.47 1215.37 956.98 1185.18 956.98 1215.37 956.98 
HEXADECAGONAL-B-7 10929.2 10034.66 7901.3 9785.35 7901.3 10034.66 7901.30 
HEXADECAGONAL-B-8 7249.01 6858.3 5400.23 6687.9 5400.23 6858.3 5400.23 
HEXADECAGONAL-B-9 3394.17 3400.33 2677.42 3315.85 2677.42 3400.33 2677.42 
HEXADECAGONAL-B-10 4485.79 4402.03 3466.16 4292.66 3466.16 4402.03 3466.16 
HEXADECAGONAL-B-11 2441.29 2500.66 1969.02 2438.53 1969.02 2500.66 1969.02 
HEXADECAGONAL-B-12 892.52 1033.40 813.70 1007.73 813.70 1033.40 813.70 
HEXADECAGONAL-B-13 2006.82 2087.64 1643.81 2035.77 1643.81 2087.64 1643.81 
HEXADECAGONAL-B-14 2979.35 3007.28 2367.94 2932.57 2367.94 3007.28 2367.94 
HEXADECAGONAL-B-15 1819.43 1890.08 1488.25 1843.12 1488.25 1890.08 1488.25 
HEXADECAGONAL-B-16 5715.58 5510.39 4338.89 5373.48 4338.89 5510.39 4338.89 
HEXADECAGONAL-B-17 5902.33 5832.54 4592.55 5687.64 4592.55 5832.54 4592.55 
HEXADECAGONAL-B-18 3368.21 3468.93 2731.44 3382.74 2731.44 3468.93 2731.44 
HEXADECAGONAL-B-19 1535.34 1715.92 1351.12 1673.29 1351.12 1715.92 1351.12 
HEXADECAGONAL-B-20 1717.5 1890.99 1488.97 1844.01 1488.97 1890.99 1488.97 




Table B.8: FE Results and Code Suggested Resistances of Hexadecagonal Non-compact Sections 
















HEXADECAGONAL-B-N-1 869.39 1011.1 796.14 821.41 796.14 1011.1 796.14 
HEXADECAGONAL-B-N-2 844.06 988.9 778.66 802.25 778.66 988.9 778.66 
HEXADECAGONAL-B-N-3 792.7 944.78 743.92 764.32 743.92 944.78 743.92 
HEXADECAGONAL-B-N-4 755.98 911.95 718.07 731.24 718.07 911.95 718.07 
HEXADECAGONAL-B-N-5 585.11 746.11 587.49 544.66 541.61 560.56 560.56 
HEXADECAGONAL-B-N-6 532.71 695.35 547.52 489.53 486.58 507.37 507.37 
HEXADECAGONAL-B-N-7 607.47 762.81 600.63 562.80 559.71 600.63 578.61 
HEXADECAGONAL-B-N-8 620.16 774.35 609.73 575.34 572.23 609.73 590.16 
HEXADECAGONAL-B-N-9 699.58 858.81 676.23 667.12 663.83 858.81 676.23 
HEXADECAGONAL-B-N-10 644.6 804.8 633.7 608.43 605.26 633.7 633.7 
HEXADECAGONAL-B-N-11 1233.71 1446.02 1138.6 1171.60 1138.6 1446.02 1138.6 
HEXADECAGONAL-B-N-12 1182.17 1385.74 1091.14 1119.86 1091.14 1385.74 1091.14 
HEXADECAGONAL-B-N-13 1124.46 1349.81 1062.84 1069.59 1062.84 1349.81 1062.84 
HEXADECAGONAL-B-N-14 1098.35 1317.46 1037.37 1034.41 1029.43 1317.46 1037.37 
HEXADECAGONAL-B-N-15 1014.15 1249.81 984.1 960.88 956.04 984.1 984.1 
Table B.9: FE Results and Code Suggested Bending Resistances of Octagonal Compact Sections 























0.2 203.60 177.75 141.20 175.09 141.20 
0.3 187.10 153.91 123.55 153.21 123.55 
0.45 155.39 118.67 97.08 120.38 97.08 
OCTAGONAL-COMB-2 
0.2 180.89 159.10 126.46 156.81 126.46 
0.3 165.13 137.72 110.65 137.21 110.65 
0.45 136.30 106.12 86.94 107.81 86.94 
OCTAGONAL-COMB-3 
0.2 159.26 141.35 112.42 139.40 112.42 
0.3 144.95 122.31 98.36 121.97 98.36 
0.45 118.52 94.19 77.29 95.83 77.29 
OCTAGONAL-COMB-4 
0.2 138.07 124.48 99.06 122.83 99.06 
0.3 125.36 107.67 86.68 107.48 86.68 




Table B.9: (Cont.) FE Results and Code Suggested Bending Resistances of Octagonal Compact 























0.2 121.44 111.6 88.86 110.18 88.86 
0.3 110.4 96.51 77.75 96.41 77.75 
0.45 87.24 74.23 61.09 75.75 61.09 
OCTAGONAL-COMB-6 
0.2 95.63 93.3 74.35 92.19 74.35 
0.3 83.55 80.64 65.05 80.66 65.05 
0.45 68.6 61.97 51.11 63.38 51.11 
OCTAGONAL-COMB-7 
0.2 1398.17 1089.52 857.79 1063.65 857.79 
0.3 1307.35 948.34 750.56 930.7 750.56 
0.45 1139.82 738.12 589.73 731.26 589.73 
OCTAGONAL-COMB-8 
0.2 722.68 578.06 456.43 565.97 456.43 
0.3 672.28 502.31 399.37 495.22 399.37 
0.45 578.34 389.78 313.79 389.11 313.79 
OCTAGONAL-COMB-9 
0.2 404.01 335.02 265.26 328.93 265.26 
0.3 373.74 290.65 232.11 287.81 232.11 
0.45 316.17 224.88 182.37 226.14 182.37 
OCTAGONAL-COMB-10 
0.2 337.34 285.13 225.95 280.17 225.95 
0.3 311.24 247.24 197.7 245.15 197.7 
0.45 263.08 191.12 155.34 192.62 155.34 
OCTAGONAL-COMB-11 
0.2 253.03 217.82 172.85 214.34 172.85 
0.3 233.6 188.72 151.24 187.54 151.24 
0.45 195.11 145.67 118.84 147.36 118.84 
OCTAGONAL-COMB-12 
0.2 86.31 84.88 67.66 83.9 67.66 
0.3 75.98 73.35 59.21 73.42 59.21 
0.45 59.76 56.34 46.52 57.68 46.52 
OCTAGONAL-COMB-13 
0.2 115.34 106.91 85.14 105.58 85.14 
0.3 103.27 92.44 74.5 92.38 74.5 
0.45 82.36 71.09 58.54 72.58 58.54 
OCTAGONAL-COMB-14 
0.2 104.57 98.36 78.36 97.17 78.36 
0.3 93.63 85.03 68.57 85.02 68.57 




Table B.10: FE Results and Code Suggested Bending Resistances of Octagonal Non-compact 












     
(KN-m) (KN-m) (KN-m) (KN-m) (KN-m) 
OCTAGONAL-COMB-N-1 
0.2 76.75 70.19 62.96 78.07 62.96 
0.3 67.45 60.64 55.09 68.31 55.09 
0.45 52.57 46.56 43.28 53.67 43.28 
OCTAGONAL-COMB-N-2 
0.2 68.44 64.84 58.58 72.64 58.58 
0.3 60.5 56.01 51.26 63.56 51.26 
0.45 46.08 43.00 40.27 49.94 40.27 
OCTAGONAL-COMB-N-3 
0.2 56.91 57.15 52.2 64.73 49.72 
0.3 49.22 49.35 45.67 56.64 42.7 
0.45 38.72 37.87 35.89 44.5 32.17 
OCTAGONAL-COMB-N-4 
0.2 62.03 60.31 54.83 67.99 53.15 
0.3 52.93 52.09 47.98 59.49 45.93 
0.45 42.28 39.97 37.7 46.74 35.09 
OCTAGONAL-COMB-N-5 
0.2 51.79 53.45 49.09 60.87 45.61 
0.3 45.6 46.15 42.96 53.27 39 
0.45 35.53 35.40 33.75 41.85 29.09 
OCTAGONAL-COMB-N-6 
0.2 48.42 50.19 46.19 46.34 41.84 
0.3 42.01 43.34 40.39 40.55 35.53 
0.45 32.79 33.24 31.7 31.86 26.05 
OCTAGONAL-COMB-N-7 
0.2 47.57 47.80 45.16 45.63 40.87 
0.3 41.03 40.29 39.45 39.93 34.61 
0.45 32.33 29.24 30.9 31.37 25.23 
OCTAGONAL-COMB-N-8 
0.2 41.68 41.55 39.21 35.49 35.49 
0.3 35.48 34.60 34.03 29.73 29.73 






Table B.11: FE Results and Code Suggested Bending Resistances of Dodecagonal Compact 























0.2 369.55 338.03 251.74 317.19 251.74 
0.3 341.96 293.16 220.27 277.54 220.27 
0.45 284.18 226.68 173.07 218.07 173.07 
DODECAGONAL-COMB-2 
0.2 330.76 305.16 227.34 286.45 227.34 
0.3 305.57 264.6 198.92 250.64 198.92 
0.45 252.39 204.52 156.3 196.93 156.3 
DODECAGONAL-COMB-3 
0.2 293.08 273.51 203.83 256.82 203.83 
0.3 269.25 237.11 178.35 224.72 178.35 
0.45 218.71 183.2 140.13 176.57 140.13 
DODECAGONAL-COMB-4 
0.2 255.48 243.05 181.19 228.3 181.19 
0.3 234.09 210.65 158.54 199.77 158.54 
0.45 185.43 162.7 124.57 156.96 124.57 
DODECAGONAL-COMB-5 
0.2 225.94 219.53 163.71 206.27 163.71 
0.3 204.51 190.23 143.24 180.49 143.24 
0.45 162.9 146.88 112.55 141.81 112.55 
DODECAGONAL-COMB-6 
0.2 165.97 174.7 130.36 164.26 130.36 
0.3 144.48 151.34 114.07 143.73 114.07 
0.45 116.02 116.77 89.62 112.93 89.62 
DODECAGONAL-COMB-7 
0.2 2099.57 1752.89 1297.3 1634.6 1297.3 
0.3 1967.14 1525.72 1135.14 1430.28 1135.14 
0.45 1707.95 1187.46 891.9 1123.79 891.9 
DODECAGONAL-COMB-8 
0.2 1283.65 1100.69 816.06 1028.23 816.06 
0.3 1197.01 957.06 714.05 899.7 714.05 
0.45 1028.13 743.5 561.04 706.91 561.04 
DODECAGONAL-COMB-9 
0.2 675.84 603.68 448.62 565.26 448.62 
0.3 627.93 524.19 392.54 494.6 392.54 
0.45 529.87 406.22 308.42 388.61 308.42 
DODECAGONAL-COMB-10 
0.2 493.43 444.11 330.42 416.33 330.42 
0.3 457.14 385.38 289.11 364.28 289.11 




Table B.11: (Cont.) FE Results and Code Suggested Bending Resistances of Dodecagonal 























0.2 410.19 372.14 277.04 349.07 277.04 
0.3 380.02 322.8 242.41 305.44 242.41 
0.45 317.8 249.68 190.47 239.99 190.47 
DODECAGONAL-COMB-12 
0.2 180.73 185.63 138.5 174.51 138.5 
0.3 159.54 160.82 121.19 152.69 121.19 
0.45 127.18 124.11 95.22 119.97 95.22 
DODECAGONAL-COMB-13 
0.2 144.73 159.91 119.35 150.39 119.35 
0.3 126.87 138.51 104.44 131.59 104.44 
0.45 98.56 106.84 82.06 103.39 82.06 
DODECAGONAL-COMB-14 
0.2 205 203.39 151.71 191.15 151.71 
0.3 183.31 176.23 132.74 167.26 132.74 
0.45 146.57 136.04 104.3 131.42 104.3 
 
Table B.12: FE Results and Code Suggested Bending Resistances of Dodecagonal Non-compact 























0.2 124.66 123.52 108.67 136.93 108.67 
0.3 109.72 106.97 95.09 119.81 95.09 
0.45 86.41 82.50 74.71 94.14 74.71 
DODECAGONAL-COMB-N-2 
0.2 108.1 111.92 99.14 124.92 99.14 
0.3 93.7 96.91 86.75 109.3 86.75 
0.45 74.26 74.72 68.16 85.88 68.16 
DODECAGONAL-COMB-N-3 
0.2 97.78 101.77 91.66 115.49 85.9 
0.3 84.38 88.12 80.2 101.06 73.93 
0.45 63.57 67.93 63.02 79.4 55.97 
DODECAGONAL-COMB-N-4 
0.2 136.44 130.18 114.1 143.77 114.1 
0.3 120.09 112.75 99.84 125.8 99.84 
0.45 94.16 86.96 78.44 98.84 78.44 
DODECAGONAL-COMB-N-5 
0.2 118.38 119.30 105.22 132.58 105.22 
0.3 103.65 103.31 92.07 116 92.07 
0.45 82.39 79.67 72.34 91.15 72.34 
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Table B.12: (Cont.) FE Results and Code Suggested Bending Resistances of Dodecagonal Non-























0.2 101.09 106.03 94.26 118.77 90.95 
0.3 87.95 91.81 82.48 103.93 78.59 
0.45 68.63 70.78 64.81 81.66 60.05 
DODECAGONAL-COMB-N-7 
0.2 92.2 96.16 87.31 88.75 82.31 
0.3 80.52 82.56 76.22 77.65 70.53 
0.45 62.95 62.45 59.58 61.01 52.88 
DODECAGONAL-COMB-N-8 
0.2 87.22 90.55 82.33 85.42 78.61 
0.3 77.85 77.41 71.65 74.74 67.21 
0.45 60.2 57.98 55.64 58.73 50.13 
 
Table B.13: FE Results and Code Suggested Bending Resistances of Hexadecagonal Compact 























0.2 1468.61 1473.88 1069.85 1358.71 1069.85 
0.3 1319.3 1281.3 936.12 1188.87 936.12 
0.45 1088.62 995.03 735.52 934.11 735.52 
HEXADECAGONAL-
COMB-2 
0.2 1336.75 1365.6 991.38 1259.06 991.38 
0.3 1196.38 1187.07 867.46 1101.68 867.46 
0.45 966.66 921.73 681.58 865.6 681.58 
HEXADECAGONAL-
COMB-3 
0.2 1195.29 1259.56 914.53 1161.45 914.53 
0.3 1052.43 1094.81 800.21 1016.27 800.21 
0.45 852.8 849.97 628.74 798.5 628.74 
HEXADECAGONAL-
COMB-4 
0.2 1071.33 1155.74 839.27 1065.87 839.27 
0.3 943.97 1004.5 734.36 932.63 734.36 
0.45 754.91 779.74 577 732.78 577 
HEXADECAGONAL-
COMB-5 
0.2 814.24 954.71 693.48 880.72 693.48 
0.3 715.24 829.64 606.79 770.63 606.79 




Table B.13: (Cont.) FE Results and Code Suggested Bending Resistances of Hexadecagonal 























0.2 937.73 1054.14 765.59 972.3 765.59 
0.3 825.28 916.11 669.89 850.76 669.89 
0.45 659.78 711.03 526.34 668.45 526.34 
HEXADECAGONAL-
COMB-7 
0.2 10147.15 8744.21 6321.04 8027.73 6321.04 
0.3 9526.65 7619.84 5530.91 7024.26 5530.91 
0.45 8290.17 5943 4345.72 5519.06 4345.72 
HEXADECAGONAL-
COMB-8 
0.2 6713.66 5970.49 4320.19 5486.64 4320.19 
0.3 6286.64 5199.84 3780.16 4800.81 3780.16 
0.45 5407.49 4051.43 2970.13 3772.06 2970.13 
HEXADECAGONAL-
COMB-9 
0.2 3122.46 2955.05 2141.94 2720.26 2141.94 
0.3 2869.23 2571.05 1874.2 2380.23 1874.2 
0.45 2350.56 1999.61 1472.58 1870.18 1472.58 
HEXADECAGONAL-
COMB-10 
0.2 4143.81 3827.92 2772.93 3521.62 2772.93 
0.3 3847.43 3331.68 2426.31 3081.42 2426.31 
0.45 3228.98 2592.84 1906.39 2421.11 1906.39 
HEXADECAGONAL-
COMB-11 
0.2 2207.25 2171.72 1575.22 2000.53 1575.22 
0.3 2019.01 1888.77 1378.31 1750.46 1378.31 
0.45 1603.22 1467.94 1082.96 1375.36 1082.96 
HEXADECAGONAL-
COMB-12 
0.2 740.58 896.1 650.96 826.72 650.96 
0.3 652.52 778.66 569.59 723.38 569.59 
0.45 516.38 604.21 447.54 568.37 447.54 
HEXADECAGONAL-
COMB-13 
0.2 1823.08 1812.37 1315.05 1670.11 1315.05 
0.3 1657.92 1575.91 1150.67 1461.35 1150.67 
0.45 1320.47 1224.31 904.09 1148.2 904.09 
HEXADECAGONAL-
COMB-14 
0.2 2718.25 2612.74 1894.35 2405.82 1894.35 
0.3 2496.18 2272.86 1657.56 2105.1 1657.56 
0.45 2027.28 1767.18 1302.37 1654 1302.37 
HEXADECAGONAL-
COMB-15 
0.2 1648.67 1640.55 1190.6 1512.06 1190.6 
0.3 1483.45 1426.35 1041.78 1323.05 1041.78 
0.45 1203.9 1107.9 818.54 1039.54 818.54 
HEXADECAGONAL-
COMB-16 
0.2 23313.72 18170.16 13111.48 16651.58 13111.48 
0.3 22074.93 15850.06 11472.54 14570.13 11472.54 




Table B.14: FE Results and Code Suggested Bending Resistances of Hexadecagonal Non-























0.2 719.35 730.41 636.91 808.88 636.91 
0.3 633.06 634.67 557.3 707.77 557.3 
0.45 499.88 492.46 437.88 556.1 437.88 
HEXADECAGONAL-COMB-N-2 
0.2 694.57 713.35 622.93 791.12 622.93 
0.3 607.77 619.84 545.06 692.23 545.06 
0.45 481.09 480.94 428.26 543.89 428.26 
HEXADECAGONAL-COMB-N-3 
0.2 647.94 679.57 595.14 755.82 595.14 
0.3 567.75 590.47 520.75 661.35 520.75 
0.45 433.97 458.12 409.16 519.63 409.16 
HEXADECAGONAL-COMB-N-4 
0.2 615.51 650.14 574.46 729.56 574.46 
0.3 539.31 564.88 502.65 638.37 502.65 
0.45 414.99 438.25 394.94 501.57 394.94 
HEXADECAGONAL-COMB-N-5 
0.2 565.7 597.02 528.59 687.05 540.98 
0.3 495.39 521.16 460.97 601.17 473.36 
0.45 392.97 408.50 359.53 472.34 371.92 
HEXADECAGONAL-COMB-N-6 
0.2 516.44 539.62 478.52 506.96 485.11 
0.3 456.32 468.04 415.15 443.59 416.63 
0.45 352.51 361.73 320.09 348.54 313.9 
 
Table B.15: FE Results and Code Suggested Torsional Moments of Octagonal Compact Sections 








OCTAGONAL-TOR-1 197.55 190.66 189.91 
OCTAGONAL-TOR-2 175.16 170.30 170.31 
OCTAGONAL-TOR-3 154.79 150.97 151.60 
OCTAGONAL-TOR-4 135.75 132.84 133.78 
OCTAGONAL-TOR-5 121.07 119.71 120.14 
OCTAGONAL-TOR-6 100.61 100.86 100.70 
OCTAGONAL-TOR-7 90.91 92.10 91.74 
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Table B.16: FE Results and Code Suggested Torsional Moments of Octagonal Non-compact 








OCTAGONAL-TOR-N-1 84.72 85.91 85.42 
OCTAGONAL-TOR-N-2 78.63 80.12 79.53 
OCTAGONAL-TOR-N-3 69.71 71.64 70.93 
OCTAGONAL-TOR-N-4 61.74 63.95 63.17 
Table B.17: FE Results and Code Suggested Torsional Moments of Dodecagonal Compact 








DODECAGONAL-TOR-1 353.91 346.66 351.22 
DODECAGONAL-TOR-2 318.57 312.42 317.51 
DODECAGONAL-TOR-3 284.77 279.53 284.97 
DODECAGONAL-TOR-4 252.56 248.31 253.60 
DODECAGONAL-TOR-5 227.60 225.51 229.33 
DODECAGONAL-TOR-6 180.19 181.46 182.95 
DODECAGONAL-TOR-7 164.61 166.75 167.61 
 
Table B.18: FE Results and Code Suggested Torsional Moments of Dodecagonal Non-compact 








DODECAGONAL-TOR-N-1 156.82 159.69 160.28 
DODECAGONAL-TOR-N-2 148.64 152.38 152.71 
DODECAGONAL-TOR-N-3 134.79 139.48 139.40 







Table B.19: FE Results and Code Suggested Torsional Moments of Hexadecagonal Compact 








HEXADECAGONAL-TOR-1 1499.93 1475.69 1518.63 
HEXADECAGONAL-TOR-2 1379.23 1365.92 1408.06 
HEXADECAGONAL-TOR-3 1267.38 1258.59 1299.67 
HEXADECAGONAL-TOR-4 1153.53 1153.68 1193.42 
HEXADECAGONAL-TOR-5 929.07 951.05 987.32 
HEXADECAGONAL-TOR-6 1035.50 1051.17 1089.31 
HEXADECAGONAL-TOR-7 1852.77 1819.93 1863.49 
Table B.20: FE Results and Code Suggested Torsional Moments of Hexadecagonal Non-








HEXADECAGONAL-TOR-N-1 857.24 892.10 927.13 
HEXADECAGONAL-TOR-N-2 804.74 854.44 887.42 
HEXADECAGONAL-TOR-N-3 748.46 818.73 848.04 
HEXADECAGONAL-TOR-N-4 699.03 792.03 818.73 
 
 
